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ABSTRACT. Results of quenching experiments at temperatures between the liquidus 
and that of complete crystallization are reported for 340 synthetic compositions. These 
locate the liquidus surfaces and the fields of the primary phases cristobalite, tridymite, 
quartz, mullite, corundum, albite, nepheline, carnegieite, sodium disilicate, sodium meta- 
silicate and sodium orthosilicate. Some of these solid phases are of variable composition 
hecause of solid solution, The temperatures and compositions of the many binary and 
ternary invariant points within the system NasO— Al,O,—SiO: were located and an equilib- 
rium diagram for this ternary system is given, The six subsystems albite—corundum 
silica, albite—nepheline—corundum, albite—sodium 
disilicate—silica, albite—nepheline—sodium disilicate and nepheline—sodium disilicate— 
sodium metasilicate are ternary systems withia the larger ternary system NasO—AI,O; 
The carnegieites in the quadrilateral are 
ternary solid solutions between NaAlSiOQ,, NaAlOz and NasSiOs. No field of 
was found and, whatever may be its composition, it is metastable with respect to corundum 
at the temperatures investigated. The data presented here for the system NasO—AI,0; 
SiO. are of fundamental importance in depicting the crystallization behavior of the two 
ternary compounds, the soda feldspar albite and the feldspathoid nepheline, with all pos- 
sible excesses of the component oxides, and in depicting the compatibilities, or lack there- 
of, of the various solid phases. Some of the many petrologic and technologic applications 
of the data are indicated, 


INTRODUCTION 

During the past fifty years systematic studies of the melting, crystalliza- 
tion and stability relations in the principal systems of rock-forming oxides 
have been conducted at the Geophysical Laboratory. The results of these 
phase-equilibrium investigations provide a quantitative basis for inquiry into 
the origins of igneous rocks and of many other rocks and mineral deposits. 

An examination of the average composition of igneous rocks (Clark and 
Washington, 1922) given in table 1 shows that silica and alumina are the most 
abundant of the rock-forming oxides in the crust of the Earth. Fenner (1913) 
determined the stability relations of the several forms of silica and Greig 
(1927, p. 7-12) determined the melting point of cristobalite. Bowen and 
Greig (1924) studied the system Al,O,—SiO.. Several of the fundamental 
ternary systems of silica and alumina with another important rock-forming 
oxide have been reported as follows: Ca0—AI,0,—SiO, (Rankin and Wright, 
1915), MgO—AI.O,—SiO, (Rankin and Merwin, 1918) and FeQ—AI,.0,— 
SiO. (Schairer and Yagi, 1952). 

Because of the widespread occurrence in rocks of the alkali alumino- 
silicates, particularly the alkali feldspars, a knowledge of the systems Na,O— 
Al,O,—SiO. and K.O—AI,0O,—SiO, is of great importance and interest. 
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Taste 1 


Average Composition of Igneous Rocks 


Oxides *ercentage 
Silica (SiO.) 
Alumina 
Ferric (Fes03) 
Ferrous (FeO) 
Lime (CaO) 
Soda (Na-O) 
Magnesia (MgO) 
Potassia 
Water (H.O) 
Titania (TiO) 
Phosphoric (P.O) 
Manganous (MnO) 
All others 

100.00 


During the years between 1929 and 1941 the phase-equilibrium relations in 
these systems were determined by Schairer and Bowen, and concurrently with 
these investigations a study of the system NaAlSiO,—KAISiO,—SiO, was in 
progress, Because of the general usefulness of the results in petrology and 
silicate technology a preliminary diagram for this last system was published 
(Schairer and Bowen, 1935), and the equilibrium diagrams for Na.O 
Al.O.—SiO. and K.O—AI.O,-——-SiO. were made available (Schairer and 
Bowen, 1947a), but publication of the data on which the diagrams were 
based and detailed results and discussion was deferred. Recently Schairer 
and Bowen (1955) presented their complete results for K,O—AI.O,—Si0.. 
The data for Na,O—AI.0,—Si0O, are presented here. 


PREVIOUS STUDIES 

Several previous investigators have made contributions to a knowledge 
of the system Na,O—AI,O,—SiO.. Day and Allen (1905) found traces of 
melting in natural albite as low as 1100° but were not able to establish a 
melting temperature. Some years later, Bowen (1913) made a study of the 
plagioclase feldspars, determined the melting intervals of the series, and pre- 
sented an equilibrium diagram of the system NaAISi,O,—CaAl.Si.Ox. Like 
Day and Allen, he was unable to crystallize pure synthetic albite glass, so 
he used natural material and obtained the value 1100° + 10° for the melting 
point of albite on this material. 

Bowen (1912) determined the congruent melting point of pure synthetic 
carnegieite (NaAISiO,) at 1526° and the inversion temperature between pure 
carnegieite and the pure soda nepheline at 1248° + 5°. Bowen and Greig 
(1925) showed that carnegieite, the modification of NaAlSiQ, stable at tem- 
peratures above the nepheline—carnegieite inversion, is isometric at high 
temperatures but undergoes a rapid reversible metastable transformation at 
692.1° on heating and at 687.0° on cooling to a twinned low-temperature 
form. Tilley (1933), working with Bowen and Schairer as a visiting investi- 
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gator at the Geophysical Laboratory during the year 1931, studied the binary 
systems NaAlSiO,—Na.Si.0; and NaAlSiO,—Na.SiO, and the system 
NaAlSiO,—Na.Si.O;—Na.SiOs, a subsidiary ternary system within the larger 
ternary system Na,O—AI,O,—SiO.. He located the binary eutectics and in- 
version temperatures and a ternary eutectic, 

Greig and Barth (1938) studied the binary system NaAlSiO, (nepheline, 
carnegiecite)—NaAlSi,O, (albite). They were able to partially crystallize 
pure synthetic albite glass and to determine the congruent melting point of 
albite at 1118° + 3°. They confirmed Bowen’s value for the melting point 
of pure synthetic carnegieite at 1526° + 2°. The composition of pure jadeite 
is intermediate between (nepheline) 
and Na.O-Al.O,-6SiO, (albite). No solid phase of the composition of jadeite 
appeared in the binary system NaAlSiO,—NaAlSi,Os. Greig and Barth 
showed that a natural jadeite from Burma decomposed as low as 800° C. 
and was converted entirely to nepheline crystals and liquid at 1015° and con- 
cluded that jadeite is not a stable solid phase under conditions represented 
by the equilibrium diagram. Yoder (1950) has summarized the data on the 
composition and stability of jadeite. 


EXPERIMENTAL METHODS 

The preparation of alkali—alumina—silica melts has been described in 
considerable detail by Schairer and Bowen (1955). The same sources of SiO, 
and Al.O,, the same methods of preparation of alkali—silica glasses and ter- 
nary glasses, the same quenching techniques, and the same fixed temperatures 
for the calibration of thermocouples as used in the study of the system K,O— 
AL.O,— SiO. and described in that paper were used in the study of the system 
Na-O—AI.O,—SiO,. As a source of Na.O, a very pure NaHCO, (Merck lot 
no. 7398) was heated to 200° and weighed out as Na,CO,. Any desired com- 
position between Na.SiO, and SiO. could be prepared readily, Na,O is much 
less volatile than K.O in corresponding compositions. Even though they were 
much less hygroscopic than corresponding K,O—SiO, glasses, the Na,OQ— 
SiO, glasses were crystallized at once, kept dry, and then used as a source 
of Na,O and SiO, in the preparation of ternary glasses. The importance of 
obtaining homogeneous glasses before proceeding with phase-equilibrium 
studies must be emphasized again. 

In order to explore the system Na.Q—AI,0;—SiO., series of glasses with 
increasing amounts of Al,O; were prepared on joins between a particular 
Na.O—SiO. composition and Al,O;. These joins are sections through the 
system The NasO—SiO, glasses (without Al,O;) pre- 
sented little difficulty in crystallization, particularly if such glasses were held 
at temperatures 50° to 75°C. below the liquidus temperatures which were 
known from the studies of Kracek (1930b). Cristobalite and quartz crystal- 
lized easily at temperatures in their respective stability ranges, while tridymite 
was obtained with some difficulty in its stability range (Fenner, 1913). By 
studying series of compositions with increasing Al,O; content lying on joins 
which crossed the fields of the silica minerals it was possible to follow the 
liquidus surface of cristobalite, of tridymite and of quartz from the Na,OQ— 
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SiO, side of the diagram into the ternary system and, finally. to delimit com- 


pletely the primary fields of these crystalline phases. In a similar manner it 


was possible to crystallize albite even at temperatures around 750° because of 
the fairly low viscosity of the melts and then to follow the albite field towards 
pure albite composition and the system albite—silica. where crystallization of 
albite is very difficult. Likewise, it was possible to crystallize mullite, to de- 
termine the mullite liquidus surface at high temperatures. to follow it through 
successive lower temperatures, in compositions which were diflicult to crystal- 
lize, and eventually to outline completely its field of primary crystallization. 
By progressing in this way we were able to outline all the fields shown in 
figures 3 and 4. 

During the course of the investigation many joins between a particular 
Na.O—SiO. composition and Al.O, were studied. In order to make our prep- 
aration numbers (given later for each composition with the quenching data 
in table 2) more intelligible to the reader and make it easier for him to plot 
the data if desired, the Na,O—SiO. compositions and preparation designation 
for the series are as follows (all compositions are in weight percent) : Al500 
(Na.O 7 SiO, 93) [For example. eight compositions on this join were studied 
with 3, 7, 12, 13, 14, 15, 17-1/2 and 20 percent Al.O, and were assigned 
the preparation numbers Al503, AI507, ete.. respectively.|. 
(Na,O 9.5 SiO, 90.5), Al900 (Na.O 12 SiO. 88), J join 13.5 SiO 
86.7), Al700 (Na.O-6SiO, or Na.O 14.7 SiO. 85.3). Al800 (Na.O 17.5 SiO. 
Al600 (Na.O-4Si0O. or Na.O 20.5 SiO, 79.5). (Na.O 23 SiO, 
77). Al200 (Na.O 25 SiO. 75). All00 (Na.O 27.5 SiO. . AlL100 (Na.O 
30 SiO. 70). Al1200 (Na.O 32 SiO. 68). Dial join oe 2Si0. or Na.O 
34.0 SiO. 66.0) and Al1300 (Na.O 40 SiO. 60). 

As the investigation progressed compositions at 10 percent intervals or 
less were prepared in the following additional joins: albite—silica (prepara- 
tion nos. 155, 156. P. 162. N. M. LM. L. K. J and Albite). Na.Si.O;—albite 
(Al join) and Na.Si.O, jadeite. Na.O- ALO, -4Si0. (Dij join). For the 
study of the quadrilateral NasO-SiO.—Na.O- ALO 
2Na.0-SiO. (B’WK’J’ of figures 3 and 4) compositions prepared in the fol- 
lowing joins were studied: Al.O,-2Si0.—Na.O- Al.O, (CM join). 
Na.0-Si0.—Na.0- ALO, SiO, (M join), Na.O-SiO.—Na.0- Al.O, 20 Na.O- 
ALO, SiO. 80 (Y join), Na,O-SiO,.—Na.O- Al.O, 50 Na.O-ALO,-SiO, 50 
(Z join), (MN join), Na-O-SiO.—Na.O 50 Al.O 
50 (X join) and a series of randomly distributed compositions (preparation 
nos, MA12. ete.. of table 2) in the triangle Na,O-SiO.—Na.O- Al.O,-2Si0. 

Na.O- ALO, SiO... (This triangle is not shown in figures 3 and 4. The com- 
position Na.O-Al.O,-SiO.. which is not a compound, lies where a line that 
may be drawn from Na.SiQO, to Al.O, crosses WK’ of figures 3 and 4.) Three 
miscellaneous compositions were prepared—no. Al040 (table 2) to locate 
more accurately the position and temperature of G (figs. 3 and 4), and Alx] 
and Alx2 (table 2) to locate isotherms in the cristobalite field and the posi- 
tion of the boundary curve KL (figs. 3 and 4). 

In general, considerably less difficulty was encountered in the crystalliza- 
tion of Na.O—AI.O,—SiO, glasses than was experienced with glasses in the 
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k.O—AI,O,—SiO. system. Only those compositions on and near the line 
albite—silica and compositions that lie in the fields of mullite or of corundum 
whose liquidus temperatures were below about 1400° (figs. 3 and 4) were 
extremely viscous. They were very difficult to crystallize and periods of several 
weeks or many months were required, at temperatures about 75° below 
liquidus temperatures, in order to grow small crystals suitable for a study of 
equilibrium between crystals and liquid in the quenching experiments on 
those compositions. 

No particular difficulties with alkali losses were encountered in the prep- 
aration of ternary Na,O—AI.O,—SiO. glasses with 40 percent or more of 
silica. When proper precautions are observed as described by Schairer and 
Bowen (1955) there is a negligible loss of Na.O, and all data indicate that 
the melts have the compositions prescribed by the synthesis. The difficulties 
encountered in the preparation of some of the melts through volatilization of 
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soda and attack on the platinum containers for some of the compositions in 
the quadrilateral B’°WK’J’ (figs. 3 and 4) will be discussed later in this paper. 
LIMITING BINARY SYSTEMS 
The three binary systems Na,O—SiO,, Al,O,—SiO. and Na.O—AI.O, 
limit the ternary system Na,O—AI,0,—SiO,. 


CRISTOBALITE 


AND Liquo 


$10, 
MULLITE 
3AI,0,.2S5:0, 


Fig. 2. Equilibrium diagram of the binary system AlO;—SiO, (after Bowen and 
Greig, 1924). The eutectic temperature between cristobalite and mullite has been changed 
to 1585° + 10°. There is evidence that the compound 3A1],0;°2SiO. may contain more 
Al,O; than is indicated by the ratios 3:2. A revision of this portion of the diagram awaits 
determination of the exact composition (alumina content) of the mullite crystals present 
it the binary invariant point corundum + mullite + liquid. 


The system Na,O—SiO,.—That portion of this system between Na.O- 
SiO, and SiO, was investigated by Morey and Bowen (1924). In studies on 
the system Na.O-SiO0.—Fe,0;—SiO., Bowen and Schairer (1929) and Bowen, 
Schairer and Willems (1930) gave some additional data on several composi- 
tions between Na.O-SiO. and SiO,. Kracek (1930a, b) obtained considerable 
new data and extended the study of the system Na,O—SiO, to the sodium 
orthosilicate (2Na20-SiO,) composition, Subsequently Kracek (1939, p. 2868- 
2870) made certain minor revisions of his previous data. The phase-equili- 
brium diagram after Kracek is given here as figure 1. The melting point of 
cristobalite (SiO,) at 1713° + 5°C. is from Greig (1927, p. 7-12). 

The system Al,O,—SiO,.—This system was studied by Bowen and Greig 
(1924). They placed the eutectic between cristabolite and mullite (3AI.0;- 
2SiO.) at 1545° + 5°C. at the composition Al,O, 5.5 SiO, 94.5 weight per- 
cent. Schairer and Bowen (1955), from data in the system K,O—AI,O; 

SiO., suggested that this eutectic temperature must be too low and gave 
the value 1585° + 10°C. for this binary eutectic between cristobalite and mul- 
lite. The quenching data on several compositions in the system Na,.O—AI.O, 

SiO. which lie in the cristobalite field substantiate this upward revision of 
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the binary eutectic temperature. The equilibrium diagram of Bowen and 
Greig with this change is given here as figure 2. The melting point of cristob- 
alite at 1713° + 5°C. is from Greig (1927, p. 7-12) and that of corundum at 
2050° + 20°C. from Kanolt (1914), Other features of the system Al,O;— 
SiO., including the melting point of Al,O; and evidence that mullite may 
contain more Al.O, than is indicated by the Al.O,:SiO. ratio of 3:2, were 
discussed by Schairer and Bowen (1955). 

The system Na,O—Al,O;.—Matignon (1923) prepared the compound 
Na,O-Al,O, by heating a mixture of pure Al,O; and pure Na,CO, in the 
proper proportions at temperatures between 1100° and 1200°C. Three samples 
showed by analysis 61.76, 61.97 and 61.59 percent Al,O; (calculated for 
Na.O-Al.O, was 62.19 percent Al,O;). The melting point of this compound 
was determined by heating a sample progressively in a carbon tube furnace 
in a nitrogen atmosphere and observing the sample and temperature each 
minute. He gave the value 1650°C, for the melting point and observed that 
Na,O—AI.O, compositions with excess over Na.O-Al,O; dissociate be- 
low 1650° and the excess Na,O over a 1:1 ratio volatilizes with abundant 
fumes. 

Brownmiller and Bogue (1932) obtained a homogeneous solid phase on 
heating a mixture of the composition Na.O 37.8 Al.O, 62.2 weight percent 
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to 1650°C. There was no melting or dissociation at that temperature. Because 
of the temperature limitations of a platinum-wound furnace the melting point 
could not be determined. Na,O- Al.O, crystallized as colorless rounded grains; 
biaxial negative; indices of refraction (+0.003) a@ 1.566, B 1.575, 
y = 1.580; optic axial angle medium small, about 30°; twinning commonly 
occurs. The interplanar spacings by X-rays were measured at room tempera- 
ture. No other binary compounds were detected. When a sample with Na.O 
3.5, Al,O; 96.5 weight percent was heated for short periods at 1100°, corun- 
dum and B-Al.O, were identified. When this sample was heated to 1500°, 
B-Al.O, and Na.O-Al.O, crystallized and corundum was absent. They found 
B-Al.O, in the system Na.O-Al.O,— AIO, at high temperatures in samples 
containing as much as 96.5 weight percent Al.Os. 

Strokov et al. (1940) studied the reaction between alkali (NalO or K.O) 
carbonates with Al.O,. Formation of Na.O-Al.O, by fusion of NaoCO, and 
Al.O, in the ratio 1:1 was complete only at 1000° to 1100°C., and the prod- 
uct began to dissociate at 1200° to 1300°. With excess Na,CO, (ratios of 
2:1 and 3:1) the formation of Na.O-Al.O; was retarded and excess Na.O 
volatilized. 

Kato and Yamauchi (1943) prepared a series of mixtures from Na.CO, 
and precipitated alumina with Na,O contents of 2, 4, 6, 8, 10, 15 and 25 
weight percent. These were heated at 1550° to 1600°C, for one hour. After 
cooling, the product was treated with a ON solution of HCI to extract soluble 
aluminates. The residue yielded crystals of the so-called “B—Al.O;,” which 
gave on analysis the formula Na,O-12.34Al,0,. Microscopic and X-ray ex- 
amination showed that samples with less than 10 percent Na.O gave corundum 
(a-Al,O;), and those with 15 percent or more Na.O yielded a “B—Al.O,”-like 
substance. 

There is considerable evidence from many investigators that the so-called 
“B-Al.O,” is not a polymorph of Al,O; but a compound of Al.O, with an 
alkali or alkaline earth oxide. This evidence was presented by Schairer and 
Bowen (1955). 

Because of the experimental difficulties with high temperatures of melt- 
ing, lack of suitable containers for charges at these temperatures and prob- 
abilities of composition change by alkali loss, no reliable phase-equilibria data 
are available on the system Na,O—AI_O,. It will be shown later in this paper 


that no stable field of “8—Al,O,” appears on the liquidus surface in the ternary 


system Na,O—AI,O,—SiO, at the liquidus temperatures for the compositions 
investigated. 


QUENCHING DATA AND THE EQUILIBRIUM DIAGRAM FOR Na.O—AI.O.—SiO. 
The results of quenching experiments on compositions in this system 


are given in table 2 and presented graphically in two diagrams (figs. 3 and 
1). Metastable solid phases are marked with an asterisk in table 2. 
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TABLE 2 
Results of Quenching Experiments 
for the Ternary System Soda—Alumina 


Composition (wt. %) Prepar- 
Temp. ation 

SiO, (°C.) Time Phases No. 


Points in Cristobalite Field 

1580 hr. Small amount cristobalite in 
glass 

1588 24hr. All glass 

1560 24hr. Rare cristobalite in glass 

1565 24hr. All glass 

1530) 24hr. Cristobalite in glass 

1525 24hr. Cristobalite and rare mullite 
in glass 

1504 24hr. Rare cristobalite in glass 

-24hr. All glass 


37 
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S10, 
\ 
sre 
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SOR \ ° 
Silica 
155 
1.468 1.0 6.5 92 
Alxl 
1.467 3.3 5.4 9] 56 
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Taste 2 (Continued) 


Refrac - 
tive 
index of Prepar- 
glass , ation 
0.003 NaO 41.0, SiO, Time Phases No. 


Composition (wt. %) 


1.470 15 8.0 5: 24 hr. Rare cristobalite in glass Alx2 
: 24 hr. All glass 
24 hr. Cristobalite and rare mullite 
in glass 
90.2 1470) 2thr. Small amount cristobalite in 
glass 
14750) 2 thr. All glass 
Points in Tridymite Fiéld 
1416 5davs Small amount cristobalite* in 
glass 


7 days All glass 


24 hr. Small amount cristobalite* in 
glass A1303-1/2 
24 hr, All glass 


6 hr. Rare cristobalite* in glass A1507 
6 hr. All glass 


7 days Small amount cristobalite* in 
glass 162 
7 days All glass 


2 hr. Rare tridymite in glass A1903 
2 hr. All glass 


t hr. Rare tridymite in glass Al702 
t hr. All glass 


6 hr. Very rare tridymite in glass A1905 
thr. All glass 


3 days Small amount cristobalite* in 
A1308-1/2 
6 days All glass 


10 days Rare cristobalite* in glass N 
7 days All glass 


Il days Very rare cristobalite 
glass A512 
All glass 


Rare tridymite in glass Al1907-1/2 
All glass 


Rare tridymite in glass A1705 
All glass 
1200 hr. Rare tridymite in glass Al802 
1205 All glass 
1150 ay Rare cristobalite® in 
glass Al310-1/2 
1155 3davs All glass 
79.8 1105 28days_ Rare cristobalite* in glass M 
1110 28 days All glass 
1065 $2 days Cristobalite* in glass 
1060 12 days Lots cristobalite* and small 
amount sharp albite in glass 


Metastable solid phase (see text). 


138 
2 
1.474 9.2 35 87.3 1395 
1400 
1.472 6.5 7.0 86.5 1370 
1.472 5.4 9.0 85.6 1325 
1330 
1.477 11.6 3.0 85.4 1350 
1.482 14.4 20 83.6 1300 
1305 
1.478 11.4 9.0 83.6 1285 
1290 
1.476 8.7 8.5 82.8 1215 
1220 
1215 
1.476 6.2 12.0 81.8 1215 
1220 
1175 18 hr. 
1.483 13.9 5.0 
1.486 17.2 2.0 
1.477 8.5 10.5 
1.478 7.6 12.6 


The System Na,O—ALO,—SiO; 


TABLE 2 (Continued) 

Refrac- 
tive 

index of 

glass (°C.) 


Cc siti % 
omposition (wt. %) Prepar- 
Time ation 


0.003 NasO  AlOs; SiO, Temp. Pheses No. 


1.481 10.8 10.0 2 1055 14days Rare cristobalite* in glass Al910 
1060 7 days All glass 


8.0 5 1045 Sdays Very rare cristobalite* in 
glass Al708 
1050 4days All glass 


1055 Tdays Rare tridymite in glass Al805 
1060 days All glass 


985 10days Rare cristobalite* in 

glass Al911-1/2 
990 4days All glass 
970 10days Cristobalite* in glass 
965 10days Cristobalite* and very rare 

albite in glass 
1000 10days Rare tridymite in glass Al603 
1005 7 days All glass 


920. 10days Rare cristobalite* in glass Al710 
925. 10days All glass 
910 Cristobalite* in glass 
905 ZTdays  Cristobalite* and very rare 
albite in glass 


985 5days Very rare tridymite in glass A1807 
990 days All glass 
Points in Quartz Field 
Tdays Very rare quartz in glass A1402 
10 All glass 


14days Very rare quartz in glass Al403 
7 days All glass 


14days Very rare quartz in glass A1606 
12 days All glass 
l4days Very rare quartz in 
glass Al606-1/2 
10 days All glass 
26 days Rare quartz and rare albite 
in glass 
Points in Sodium Disilicate Field 
14days Small amount sodium di- 
silicate in glass 
7 days All glass 
Tdays Sodium disilicate in glass 
14days Sodium disilicate and rare 
quartz in glass 


10 days Kare sodium disilicate in 

glass Al040 
10 days All glass 
10 days Lots sodium disilicate in glass 
14days Lots sodium disilicate, small 

amount quartz, and rare 

albite in glass 


° Metastable solid phase (see text). 
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1.482 10.6 11.5 77.9 
1.49] 19.9 3.0 77.1 
1.487 16.3 7.0 76.7 
1.494 22.5 2.0 75.5 
1.494 22.3 3.0 74.7 800 
805 
1.492 19.3 6.0 
1.492 19.2 6.5 
1.496 24.5 2.0 
1.496 23.0 4.0 73.0 750 
755 
745 
740 
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Re 
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index of 


trac 


ive 
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0.003 


l 


496 


499 
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Composition (wt. 


NaO 


24.2 


97 


26.4 


25.8 


29.1 


% 


27.4 


29.6 


ALO; 


3.0 


1.0 


6.0 


3.0 


5.0 


71.3 


71.0 


69.6 


68.2 


67.9 


66 


66.5 


66.3 


64.7 


Temp. 


800 


BOD 


770 
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2 (Continued) 


Time 
7 days 


7 hr. 


14 days 
] 4 days 
7 days 


10 days 
7 days 


2 hr. 
2 hr. 
2 hr. 
2 hr. 
10 days 
2 hr. 
hr. 


3 hr. 


11 days 


7 days 
10 days 
14 days 


days 
2 days 


10 days 


14 days 


9 davs 
2 days 
2 days 
2 days 
2 hr. 
2 hr. 
thr. 
2 hr. 


1 hr. 
Lhr, 


Prepar- 


ation 
Phases o. 
Very rare sodium disilicate 
in glass 41203 


All glass 


Very rare sodium disilicate 
in glass \]204 
All glass 


Small amount sodium di- 

silicate in glass 41205 
All glass 
Sodium disilicate and rare 

albite in glass 


Rare sodium disilicate in 
glass 
All glass 


Rare sodium disilicate in 
glass Al104 
All glass 


Rare sodium disilicate in 
glass (1106 
All glass 
Rare sodium disilicate in 
glass 411103 
All glass 
Rare sodium disilicate in 
glass 413-1/2 
All glass 
Sodium disilicate in glass 
All crystalline—sodium di- 
silicate and albite 


Rare sodium disilicate in 
glass Al3 
All glass 
Lots sodium disilicate and very 
rare, very corroded albite 
in glass 
All crystalline—sodium di 
silicate and albite 


Very rare sodium disilicate 

in glass 4]? 
All glass 
Small amount sodium di- 

silicate in glass All 
All glass 
Small amount sodium di- 

silicate in glass Dijl 
All glass 
Rare sodium disilicate in 

glass 411107 
All glass 
Rare sodium disilicate in 

glass Dij2 
All glass 


| 
77> 
1.497 24.0 | 72.0 760 
765 
1.497 23.7 5.0 || 750 
755 
745 
800 
im 4.0 790 
795 
1.500 || || 
780 
330 
1.502 6.8 67.0 780 
785 
770 
765 
|. | 5.8 m8 
765 
1.503 3.9 825 
830 
31.8 1.9 845 
R50 
1.506 32.2 95 65.3 845 
850 
1.503 97.9 7.0 65.1 795 
1.505 30.3 | 830 
02: 
835 


The System Na,O—AL,O, 


TABLE 2 (Continued) 


Refrac- 
tive 


omposition (wt. %) 


Prepar- 
glass Temp. ation 
~0.003 Na.O Al:O; SiO, (°C.) Time Phases No. 


1.504 28.4 7.6 64.0 800 ~=sLhr. Rare sodium disilicate in 
glass Dij3 
805 Lhr. All glass 


1.503 27.: ; 3.7 4hr. Very rare sodium disilicate 
in glass Dij3-1/2 
4hr. All glass 


Tdays Rare sodium disilicate in 
glass Dij4 
14days_ All glass 
4hr. Small amount sodium di- 
silicate in glass A11208-1/2 
4 hr. All glass 
14days Very rare sodium disilicate 
in glass All112 
745 Illdays All glass 
735 17days Sodium disilicate and rare 
nepheline in glass 
730 2ldays All ecrystalline—sodium di- 
silicate, nepheline and albite 
10.0 765 = 4hr. Very rare sodium disilicate 
in glass Al1210 
4hr. All glass 
11.0 5 755  7Tdays Rare sodium disilicate in 
glass All211 
759 All glass 


Points in Sodium Metasilicate Field 
46.7 1055 Ilhr. Rare sodium metasilicate in 
glass M5 
1060 Lhr, All glass 
1030s Lhr. Very rare sodium meta- 
silicate in glass MA23 
1035 2hr. All glass 
1050 - 2hr. Rare sodium metasilicate in 
glass Z10 
1055 2hr. All glass 
1000 _ 2hr. Very rare sodium metasilicate 
in glass MA25 
1005 2hr. All glass 
950 2hr. Small amount sodium meta- 
silicate in glass MA26 
955 2hr. All glass 
920 Lhr. Rare sodium metasilicate in 
glass MAI14 
925 All glass 
915 Shr. Small amount sodium meta- 
silicate in glass MA57 
920 Thr. All glass 
910 48hr. Lots sodium metasilicate in 
glass 
905 48hr. Lots sodium metasilicate and 
small amount nepheline in 
glass 


141 
1.503 26.5 
1.505 29.3 
1.503 °6.4 
1,505 28.8 
1.505 28.5 
1.517 18.3 5.0 
1517 45.5 8.2 
- 49.0 5.4 
L517 42.7 11.8 
1.517 39.8 15.4 
1.517 38.3 17.2 
1517 37.5 18.0 
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TABLE 2 (Continued) 
Refrac- 
tive eas 
( 
index of omposition (wt. Zo) Prepar- 
glass Temp. ation 
«0.003 NaO SiO, (°C.) Time Phases No. 
1.518 45.7 10.0 44.3 #1015 Lhr. Small amount sodium meta- 
silicate in glass M10 
1020—s Thr. All glass 
49.5 6.2 44.3 10300 2hr. Small amount sodium meta- 
silicate in glass 
1035 2hr. All glass 
1.518 43.3 12.7 440 1000) 2hr. Rare sodium metasilicate in 
glass MA24 
1005 2hr. All glass 
1.517 38.0 18.5 43.5 920 Thr. Rare sodium metasilicate in 
glass MA60 
925 3hr. All glass 
915 Shr. Sodium metasilicate and car- 
negieite in glass 
910 Sodium metasilicate and 
nepheline in glass 
1.517 39.0 18.0 43.0 935 3hr. Rare sodium metasilicate in 
glass MA61 
940) 3 hr. All glass 
1.517 40.7 16.8 42.5 955 2hr. Very rare sodium metasilicate 
in glass MA27 
960 2hr. All glass 
47.2 10.7 42.1 1000s 2hr. Small amount sodium meta- 
silicate in glass Z20 
1005s 2hr. All glass 
1.518 40.0 18.1 41.9 935 2hr. Rare sodium metasilicate in 
glass MA38 
2 hr. All glass 
930 6hr. Lots sodium metasilicate and 
very rare carnegieite in glass 
1.518 43.2 15.0 41.8 975 Lhr. Very rare sodium metasilicate 
in glass M15 
980 =Lhr. All glass 
1.518 41.3 17.7 41.0 945 2hr. Small amount sodium meta- 
silicate in glass MA28 
950 2hr. All glass 
1.518 41.6 18.0 410.4 940) = 2hr. Small amount sodium meta- 
silicate in glass M18 
945 2hr. All glass 
46.3 13.5 410.2 975 2hr. Rare sodium metasilicate in 
glass Z25 
980 Lhr. All glass 
- 43.6 16.6 39.8 955 2hr. Small amount sodium meta- ; 
silicate in glass Y34 
960 2hr. All glass 
45.9 14.6 39.5 960 3 3hr. Rare sodium metasilicate in 
glass Z27 
965 3hr. All glass 


The System Na,O—AL,O,;—SiO, 


TABLE 2 (Continued) 


Refrac- 
tive 
index of 

glass Temp. 
+ 0.003 Na.O Al.Os SiO, Time Phases 


48.2 12.4 39.4 965 Lhr. Small amount sodium meta- 

silicate in glass 

Lhr. All glass 

960 2hr. Lots sodium metasilicate and 
rare sodium orthosilicate (?) 
in glass 

955 2hr. Nearly all crystalline—sodium 
metasilicate and carnegieite 

Points in Albite Field 
78.4 1060 42days Small amount sharp albite and 

rare cristobalite in glass LM 

1065 42days All glass (very rare, very cor- 
roded remnants of albite in 
glass) 

1055 42days Nearly all crystalline 


Composition (wt. %) 


985 l10days_ Rare albite in glass 

990 7 days All glass 

970 10days Albite in glass 

965 10days Albite and cristobalite* in 
glass 


1075 28days Small amount albite in glass 

1080 42days_ All glass (very rare, very cor- 
roded remnants of albite in 
glass) 


1020. 14days_ Rare albite in glass Al1913 
1025. 10days All glass 
925. Tdays Small amount albite in 

glass Al710-1/2 
930 Tdays All glass 
940 Tdays Very rare albite in glass Al71l 
945 14days_ glass 


875 2days Rare albite in glass A1809 
880 2days All glass 


900 Tdays Rare albite in glass Al810 
905 3days All glass 
995 Tdays Very rare albite in glass Al713 
1000 10days_ All glass 
14days_ Rare albite in glass K 
10 days All glass (very rare, very cor- 
roded remnants of albite in 
glass) 
492 3s 10 days Very rare albite in glass Al607-1/2 
10 days All glass 
487 5. Tdays Rare albite in glass Al715 
4days_ All glass 
495 21, . 2.! 14days_ Rare albite in glass Al406 
10 days All glass 


1.489 2. 10 days Very rare albite in glass Al812-1/2 
10 All glass 


* Metastable solid phase (see text). 
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Prepar- 
ation 
No. 
1.483 10.4 13.0 76.6 
1.484 13.1 10.5 76.4 
1.484 13.1 11.0 75.9 
] 
] 
] 
] 
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Refrac- 
tive 
index of 
glass 
0.003 


1.492 


J. F. Schairer and N. L. Bowen 


Composition (wt. %o) 


oo 
= 
co 


490 


193 


195 


489 


490 


192 


194 


196 


193 


Na,O ALLO, 
18.5 10.0 
10.9 18.0 
21.2 8.0 
10.8 19.0 
324 6.5 
14.9 15.0 
17.9 12.5 
20.7 10.0 
23.0 8.0 
11.8 19.5 
12.9 18.5 
14.1 7.3 
15 9 16. 
16.3 15.6 
18.5 13.6 
90.7 11.7 
17.4 15.0 


TABLE 2 (Continued) 
Prepar- 
Temp ation 
SiO, (°C.) Time Phases No. 
71.5 890 10 days Rare albite in glass Al610 
895 l0days All glass 
711 1105 14days Small amount albite in glass J 
1110 l14days_ All glass (very rare, very cor- 
roded remnants of albite in 
glass) 
70.8 830 10days Rare albite in glass A408 
835 10 days All glass 
70.2 1105 14days Very rare albite in glass J19 
1110 =14days_ All glass 
70.1 80 7days Small amount albite in 
glass 41206-1/2 
785 7 days All glass 
70.1 1010 7 days Small amount albite in glass AI815 
1015 7 days All glass 
69.6 935 10 days Small amount albite in 
glass A1612-1/2 
940 7 days All glass 
69.3 870 l0days_ Rare albite in glass ALO 
875 2days Very rare albite in glass 
880 2'4hr. All glass 
69.0 810 I4days Rare albite in glass (1208 
815 l4days All glass 
68.7 1110 l4davs Lots albite in glass (origin- Albite 
al albite crystals composi- 
growing) tion 
1115 l14davs Moderate amount albite in glass 
(original albite crystals 
growing) 
1120 I4days All glass (very rare, very cor- 
roded remnants of albite 
crystals) 
68.6 1090 10 days Small amount albite in 
glass 419-1/2 
1095 10 davs All glass (very rare, very cor- 
roded remnants of albite 
in glass) 
68.4 1050) days Small amount albite in glass 
1065 10 days All glass 
68.3 1030 7 days Smal] amount albite in 
glass AI8-1/2 
1035 7 days All glass 
68.1 1000 Rare albite in glass Als 
1005 7 days All glass 
67.9 945 7 days Rare albite in glass Al7 
950 7 days All glass 
676 890 7 davs Small amount albite in glass Al6 
895 4 davs All glass 
67.6 980 I4days Rare albite in glass Al615 
985 5 days All glass 


1.486 

| 

| 

1.497 

iz 

1.497 

1.491 

|= 

1.493 


The System Na,O—AL,O, 


TABLE 2 (Continued) 
Refrac- 
tive 


index of Composition (wt. %) 


Prepar- 
glass Temp. ation 
+0.003 Na.O SiO. (°C.) Time Phases No. 


1.498 22.9 9.7 67.4 835 10days Rare albite in glass Al5 
840) All glass 
770 =10days_ Albite in glass 
765 14days_ All erystalline—albite and 
sodium disilicate 


10 days Small amount albite in glass 

10 days All glass 

10 Albite in glass 

I4days All crystalline—albite and 
sodium disilicate 


l6days Very rare albite in glass Al820 
tdays Small amount albite in 
glass Al212-1/2 
2 days All glass 
1000 l0days_ Rare albite in glass Al617-1/2 
1005 7 days All glass 


935 10days_ Rare albite in glass Al415 
940 7 days All glass 


800 I4days Very rare albite in glass All110 
805 7 days All glass 


1010 8days Small amount albite in glass A1l619 
1015. 7 days All glass 
895 3days_ Rare albite in glass 
900 Shr. All glass 
1020 10days_ Rare albite in glass Al620 
1025. 10days_ All glass 


1090 10days_ Rare albite in glass A1823 
1095. 10 All glass 


955 I4days_ Rare albite in glass Al418 
960 l4days All glass 
760 Rare albite in glass Dij4-1/2 
765 All glass 


790 Small amount albite in glass  Dij5 
795 21days All glass 
1030 7days albite in glass \]1621-1/2 
1035 4days All glass 
840 10days Rare albite in glass Dij6 
845 + days All glass 
955 14days Small amount albite i 
glass \1419.1/2 
960 I4days All glass 
815 ZTdays Rare albite in glass All15-1/2 
820 Thr. All glass 
805 7 days Albite in glass 
800 14days Albite and rare nepheline i 
glass 
Points in Mullite Field 
80.9 1281 14days Rare mullite in glass 
1285 10days All glass 


145 
1.501 25.1 7.8 67.1 775 Al4 
780 
765 
1.492 14.0 20.0 66.0 
1.498 21.9 12.5 65.6 
1.493 16.9 17.5 65.6 
L.A94 16.6 19.0 64.4 
1.498 21.2 15.0 63.8 
1.495 16.4 20.0 63.6 
1.497 18.9 18.0 63.1 
1.502 24.7 12.6 
1.495 16.1 21.5 
1.501 22.8 15.2 
1.498 18.5 19.5 
1.502 23.2 15.5 
1.478 6.1 13.0 
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Refrac 


tive 


index of 


glass 


+0.003 


1.480 


= 


ho 


= 


495 


1.495 


ALO; 
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Composition (wt. %) 


Taste 2 (Continued) 
Prepar- 
Temp. ation 
(°C.) Time Phases No. 
80.0 1365 6davs Rare mullite in glass AIS14 
370 6 davs All glass 
79.1 4170s 24hr. Rare mullite in glass AISI5 
1422. All glass 
76.9 1125 I4days Very rare mullite in glass A315 
1130 =14days All glass 
76.7 1500 tdays Small amount mullite in 
glass 4)517-1/2 
1505 3 days All glass 
76.0 1245 10days Rare mullite in glass A316 
1250 All glass 
75.1 1330 3davys Very rare mullite in glass 
1335 3davs All glass 
74.4 571 2shr. Rare mullite in glass 41520 
574 Thr. All glass 
74.2 1385 3davs Rare mullite in glass AI318 
1390 days All glass 
72.4 1465 6days Very rare mullite in glass 41320 
1466) All glass 
72.2 1115 21 days Rare mullite in glass {1918 
1120 All glass 
1100 I4days Maullite in glass 
1095 28davs Mullite and rare albite in glass 
713 1245 10 days Very rare mullite in glass \1919 
1250 3 days All glass 
0.6 1525 3days Rare mullite in glass 41322 
1530 3 davs All glass 
70.4 1330 3days Very rare mullite in glass 41920 
1335 3 days All glass 
69.55 1385 3days Rare mullite in glass 41921 
1390 =2days All glass 
69.4 1163 2ldays Kare mullite in glass J20 
1170 10 davs_ All glass 
1105 10days Maullite in glass 
1100 I4davs Maullite and rare albite in glass 
68.8 1575 Rare mullite in glass 41324 
1580) hr. All glass 
68.5 1270 10davys Very rare mullite in glass J21 
1275 3days All glass 
68.2 1455 7 days Small amount mullite in 
glass 4]922-1/2 
1459 2days All glass 
67.2 1395 7 days Rare mullite in glass J22-1/2 
1400 3days All glass 
66.0 1530 Shr. Rare mullite in glass 41925 
1535 Thr. All glass 
65.0 1493 4hr. Very rare mullite in glass J25 
1496 Thr. All glass_ 


| 6.0 14.0 
5.9 15.0 
|= 8.1 15.0 
|= 5.8 17.5 
1.483 8.0 16.0 
1.484 7.9 17.0 
1.487 5.6 90.0 
1.485 7.8 18.0 
| 7.6 20.0 
1.487 98 18.0 
1.482 907 19.0 
1.492 7.4 22.0 
1.489 9.6 20.0 
1.490 95 21.0 
1.489 10.6 
1.494 7.2 24.0 
|.) 10.5 21.0 
1.493 93 22.5 
|. = 10.3 22.5 
9.0 95.0 
10.0 25.0 


Refrac- 


tive 
index of 
glass 

~ 0.003 


The System Na,O 


ALO, 


SiO, 


TABLE 2 (Continued) 


Composition (wt. %) 


Temp. 


Time 


Prepar- 
ation 


Phases No. 


1.500 


1.499 


1.503 


1.503 


491 


8.6 28.0 63.4 1600 
1607 
1560 
1564 
1640 
1645 


1611 
Points in 
67.4 1145 


1110 
1105 


1210 


62.9 


61.6 


60.7 


67.0 


64.8 
64.0 


1397 
1446 
1450 
1205 
1090 
1085 


62.7 


62.3 1230 


62.3 1519 
1523 
1285 
1290 
1571 
1576 
1450 


61.9 


29.0 60.6 


59.8 


1453 
1611 
1160 


58.9 
58.4 
1155 


1150 


4 hr. 
4 hr. 
7 hr. 
7 hr. 
34 hr. 
Lhr, 
hr. 


28 days 
28 days 
28 days 
14 days 


7 days 
21 days 
21 days 
10 days 
5 days 
7 days 
5 days 
7 days 
10 days 
2 days 
10 days 
14 days 
14 days 


14 days 


7 hr. 

7 hr. 
10 days 
3 days 
24 hr. 
24 hr. 
48 hr. 


48 hr. 
4 hr. 


7 days 


14 days 
14 days 


7 days 
14 days 
8 hr. 

7 hr. 

2 days 
3 days 


48 hr. 
48 hr. 


A1928 


Rare mullite in glass 
All glass 
Rare mullite in glass J27-1/2 
All glass 
Rare mullite in glass 
All glass 


41930 


J30 


Very rare mullite in glass 


‘corundum Field 


Very rare corundum in glass Al721 

Corundum in glass 

Corundum and albite in glass 

Very rare corundum in 
glass 

All glass 

Corundum in glass 

Corundum and albite in glass 

Very rare corundum in glass 

All glass 

Rare corundum in glass 

All glass 


Al721-1/2 


Al722 
Al723 


Al724 


Al725 


Very rare corundum in glass 
Rare corundum in glass 
All glass 
Very rare corundum in glass A1824 
Lots corundum in glass 
Lots corundum and rare albite 
in glass 
Very rare corundum in 
glass Al824-1/2 
Very rare corundum in glass A1l727 
All glass 
Very rare corundum in glass AI825 
All glass 
Very rare corundum in glass Al729 
All glass 
Very rare corundum in 
glass 


All glass 


Al827-1/2 

Very rare corundum in glass Al731 

Very rare corundum i , 
glass Al626-1/2 

Corundum in glass 

Corundum and rare nepheline 
in glass 

Very rare corundum in glass 

All glass 

Rare corundum in glass 

All glass 

Rare corundum in glass 

All glass 

Rare corundum in glass 

All glass 


Al627 
Al830 
Al627-1/2 


Al628 


147 
| 
| 
| 7 11.6 21.0 
1215 
1110 
1105 
1.492 11.4 22.0 66.6 1245 
1250 
1.493 11.3 23.0 65.7 1330 
1335 
1.494 11.2 24.0 S| 
1.495 11.0 25.0 
1.495 13.3 24.0 7 
1.495 13.2 24.5 
1.497 10.7 27.0 
1.496 13.1 25.0 
1.502 10.4 
1.499 12.7 
1.499 15.1 26.5 na 
1.500 15.0 27.0 58.0 1230 
1234 
1.503 12.2 30.0 57.8 1530 
1535 
1.501 14.9 27.5 57.6 1290 
1295 
1.502 14.8 28.0 57.2 1325 
1330 
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Tarte 2 (Continued) 
Refrac- 
tive . 
tadenel Composition (wt. Prepar- 
glass Temp. ation 
+0,.003 NaO ALO, SiO, (°C.) Time Phases No. 
1.503 14.7 28.5 56.8 1355 24hr. Rare corundum in glass 41628-1/2 
1360 24hr. All glass 
1.507 11.8 32.5 55.7 1600) 4hr. Very rare corundum in 
glass A1832-1/2 
1605 Thr. All glass 
1.504 14.4 30.0 55.6 1453 2days Very rare corundum in glass Al630 
1459 2 days All glass 
1.503 16.3 29.0 54.7 1225 I4days Very rare corundum in glass 
1220 Ildays Rare corundum in glass 
1215 lldays Rare corundum and small 
amount nepheline in glass 
1.503 16.2 29.5 54.3 1265 Sdays Very rare corundum in 
glass 41429-1/2 
1270 days All glass 
1.506 13.9 32.0 54.1 1531 0s Thr. Rare corundum in glass \1632 
15348 hr. All glass 
1.504 16.1 30.0 53.9 1345 Sdays Rare corundum in glass 41430 
1350 4days All glass 
1.507 15.6 32.0 52.4 1459 2 davs Rare corundum in glass 41432 
14660) 24 hr. All glass 
1.510 13.4 34.5 52.1 1600 4 hr. Very rare corundum in 
glass \1634-1/2 
1604 thr. All glass 
1.507 17.0 32.0 51.0 1370 24hr. Very rare corundum in glass — Al232 
1.511 15.0 35.0 50.0 1564 Thr. Rare corundum in glass A435 
1567) 2thr. All glass 
1.509 16.5 34.0 499.5 1475 Thr. Rare corundum in glass 41234 
1480) Thr. All glass 
1.514 14.5 37.0 48.55 1615 Thr. Rare corundum in glass 41437 
1622. Thr. All glass 
1.512 16.0 36.0 182.0 1555 24hr. Rare corundum in glass 41236 
1562 Thr. All glass 
1.512 17.9 35.0 17.1 1459 2days Rare corundum in glass AIIS5 
1465 1 day All glass 
1.516 15.5 38.0 16.5 1605 thr. Small amount corundum in 
glass 41238 
1617 4 hr. All glass 
1514 17.6 36.0 16.4 1504 24hr. Very rare corundum in glass 41136 
1508 Thr. All glass 
1.516 17.0 38.0 5.0 1568 Thr. Very rare corundum in glass Al138 
24hr. All glass 
1.515 18.7 37.5 43.8 1504 24hr. Very rare corundum in 
glass A11137-1/2 
1508 Thr. All glass 
1.517 16.5 40.0 43.5 1617 4Shr. Very rare corundum in glass Al1140 
1.517 18.4 38.5 43.1 1544 Thr. Very rare corundum in 
glass A11138-1/2 
1549 Thr. All glass 


The System Na,O—ALI,O,—SiO; 


TABLE 2 (Continued) 


Refrac- 
tive 


index of Composition (wt. %) 


Prepar- 
glass Temp. ation 
+ 0.003 Sid. Time Phases No. 
17.5 41.5 41.0 1617 4hr. Rare corundum in glass Al1141-1/2 
20.1 41.0 38.9 1530 4hr. Very rare corundum in 
glass Dial 41 
1475s 6 hr. Lots corundum and very rare 
carnegieite in glass 
1470 Ss 6hr. Corundum, 8-Al:0s and car- 
negieite with a little glass 


38.6 1549 Thr. Very rare corundum in 
glass Dial 41-1/2 
Very rare corundum in 
glass Dial 43 
Rare corundum in glass Al1346 
All glass 
Corundum in glass 
Corundum and carnegieite 
in glass 
Very rare corundum in 
glass Al1347 
Points in Nepheline Field 
61.6 1055 Tdays Rare nepheline in glass Al622-1/2 
1060 Tdays_ All glass 
1035. 14days Nepheline in glass 
1030 14days Nepheline and small amount 
albite in glass 
895 7Tdays Rare nepheline in glass Al218-1/2 
900 All glass 
890 7Tdays Small amount nepheline and 
rare albite in glass 
ll days Very rare nepheline in 
glass Al1113 
10 days All glass 
14days Nepheline in glass 
T7Tdays Nepheline and rare sodium di- 
silicate in glass 
60.8 1095 10days Rare nepheline in glass Al623-1/2 
1100 4days_ All glass 
60.7 980 2days Rare nepheline in glass Dij8 
985 Sdays_ All glass 
60.5 855 7Tdays Small amount nepheline in 
glass Al116-1/2 
860 7 days All glass 
815  Tdays  Nepheline in glass 
810 8days Nepheline and rare albite in 
glass 
60.1 1075 2days Very rare nepheline in glass Dij9 
1080 Tdays_ All glass 
59.9 12 days Very rare nepheline in 
glass All114-1/2 
14days_ All glass 
59.8 : 10 days Rare nepheline in glass Al1212 
14days_ All glass 
Tdays Nepheline and very rare sodium 
disilicate in glass 


149 
1.522 19.9 41.5 
1.523 19.4 43.0 
1.527 21.6 46.0 
1.528 21.2 47.0 
1.496 15.9 22.5 
1.498 20.4 18.5 
1.503 26.1 13.0 
1.497 15.7 
1.498 19.1 20.2 
1.502 23.0 16.5 
1.497 
1.504 25.6 14.5 
1.506 28.2 12.0 
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TABLE 2 (Continued) 


SiO. 


58.8 


58.1 


54.4 


54.0 


Refrac- 

tive 

index of Composition (wt. %) 
glass 

+0.003 NaO 
1.503 22.5 18.0 
1.498 15.3 25.2 
1.506 27.7 13.5 
1.504 25.2 16.0 
1.500 19.4 5 
1.503 22.0 20.0 
1.504 24.7 17.5 
1.500 17.2 25.0 
1.507 26.7 16.5 
1.502 18.7 25.0 
1.504 21.0 23.5 
1.502 16.6 28.0 
1.505 23.7 21.0 
1.502 16.4 28.5 
1.503 18.2 27.0 
1.507 25.8 19.5 
1.503 18.1 27.5 
1.504 18.0 28.0 
1.504 20.3 26.0 
1.506 22.9 23.5 
1.504 20.2 26.5 


Prepar- 


Temp. ation 
(°C.) Time Phases No. 
920 l0days Rare nepheline in glass AI118 
1135. Rare nepheline in Jadeite 
glass com posi- 
tion 
1140 7 days All glass 
810 S8days Very rare nepheline in 
glass A11213-1 2 
815 7 days All glass 
880 4days Rare nepheline in glass Al1116 
885 2hr. All glass 
1085 4days Very rare nepheline in 
glass A]222-1/2 
1090 ZTdays All glass 
1010 3days Rare nepheline in glass 41120 
1015. days All glass 
940 3days Rare nepheline in glass ALL17-1/2 
945 T7days All glass 
1175 18 hr. Rare nepheline in glass 41425 
1180) Shr. All glass 
930 Tdays Very rare nepheline in 
glass Al1216-1/2 
935 2days All glass 
1185 6hr. Rare nepheline in glass 41225 
1190) 2hr. All glass 
1160) 3hr. Rare nepheline in glass A1123-1/2 
1165 2hr. All glass 
1230 2days Small amount nepheline in 
glass Al428 
1235 3days All glass 
1070 14days_ Rare nepheline in glass Al1121 
1075s 2hr. All glass 
1230 2days Small amount nepheline in 
glass A1428-1/2 
1235 3days All glass 
1245 2days Rare nepheline in glass Al227 
1250 2days All glass 
105024 lir. Very rare nepheline in 
glass 411219-1/2 
1055s 2 hr. All glass 
Very rare nepheline in 
glass Al227-1/2 
275s 3hr. All glass 
1270) 6Ohr. Small amount nepheline in 
glass 
12756 hr. All glass 
1240) 2hr. Small amount nepheline in 
glass All26 
1245 2hr. All glass 
1170-18 he. Rare nepheline in glass Al1123-1/2 
1175 18 hr. All glass 
1260 2hr. Very rare nepheline in 


glass 


Al126-1/2 


5 

) 

0 
Q 
8 
Q 
8 
Q 
8 
2 
3 
5 
l 
6 


Refrac- 
tive 
index of 
glass 


+ 0.003 
1.508 


1.506 


1.509 


1.516 


1,504 


Composition (wt. %) 


Na.O 


24.5 


979 


23.8 


19.0 


Al:Os 


23.5 


Points in Carnes 


Temp. 

Si0. (°C.) 
52.0 1180 
1185 

51.8 1260 
1265 

50.7 1245 
1250 

44.0 930 
935 

43.8 980 
985 

43.5 1045 
1050 

53.6 1295 
1300 

52.9 1285 
52.5 1315 
1320 

S22 1335 
1340 

51.8 1305 
1310 

51.5 1270 
1275 

51.1 1310 
1315 

50.8 1395 
1400 

50.3 1265 
1270 

49.0 1420 
1425 

48.6 1405 
48.0 1445 
1450 

47.9 1390 
1395 

45.5 1450 
1455 

44.5 1440 
1445 


Tim 


The System Na,O—AL,O, 


TABLE 2 (Continued) 


e 


5 hr. 
6 hr. 


2 hr. 


2 hr. 


2 hr. 


2 hr. 
2 hr. 
2 hr. 
2 hr. 
2 hr. 


3 hr. 
2 hr. 


£ 


rieite 


2 hr. 
2 hr. 
2 hr. 


1 hr. 
1 hr, 


2 hr. 


2 hr. 


lhr. 
lhr. 


2 hr. 


2 hr. 


1 hr. 
1 hr. 


1 hr. 
1 hr. 


2 hr. 


2 hr. 
lhr. 
1 hr. 
lhr. 


lhr. 


1 hr. 


1 hr. 
lhr. 


lhr. 


lhr. 
lhr. 


Lhr. 


Phases 
Rare nepheline in glass 
All glass 
Very rare nepheline in 
glass 
All glass 


Small amount nepheline 
glass 
All glass 


Rare nepheline in glass 
All glass 


Rare nepheline in glass 
All glass 


Rare nepheline in glass 

All glass 

Field 

Rare carnegieite in glass 

All glass 

Very rare carnegieite in 
glass 

Rare carnegieite in glass 

All glass 

Very rare carnegieite in 
glass 

All glass 

Rare carnegieite in glass 

All glass 

Rare carnegieite in 
glass 

All glass 

Rare carnegieite in glass 

All glass 

Rare carnegieite in glass 

All glass 

Very rare carnegieite in 
glass 

All glass 

Rare carnegieite in glass 

All glass 

Very rare carnegieite in 
glass 


Prepar- 
ation 


No. 


A11223-1/2 


Al1126 


n 
Al1225-1/2 


MA31 


MAI8 


MA44 


A]228-1/2 


Al127 
Al230 


Al128 


Al231 


Al1126-1/2 


Al1127 


Al130 


Al1226 


Al1130 


Al133 


Small amount carnegieite in 


glass 
All glass 
Rare carnegieite in glass 
All glass 


Al1131-1/2 


A1134 


Small amount carnegieite in 


glass 

All glass 

Rare carnegieite in 
glass 

All glass 


Al1135 


A11136-1/2 


151 
|| 
— | 
| 26.0 mz 
|| 34.0 22.3 
1.505 20.1 27.0 
1.505 17.5 30.0 
1.506 19.8 28.0 | 
1.506 17.2 31.0 
1.507 22.0 26.5 || 
1507 219 270 
1.507 19.2 30.0 
1.509 23.7 26.0 
1508 21.0 30.0 
1.509 18.4 33.0 
1.509 20.5 31.5 
|| 
1.510 18.1 34.0 
1513.0 (19.5 35.0 
(365 
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TaBLe 2 (Continued) 

Refrac- 
tive 

Composition (wt. %) Prepar- 
glass Temp. ation 
+0.003 Na.O Al.O; SiO, C.) Time Phases No. 
1.517 37.5 19.0 13.5 925 3hr. Rare carnegieite in glass MA62 

3hr. All glass 
920 6hr. Small amount carnegieite and 
very rare sodium meta- 
silicate in glass 
915 24hr. Lots nepheline, small amount 
sodium metasilicate and rare 
carnegieite in glass 
L517 36.5 20.0 43.5 945 3hr. Small amount carnegieite in 
glass MA58 
950 3hr. All glass 
1.516 32.6 24.3 $3.1 1140) 2hr. Rare carnegieite in glass MA29 
1145 2hr. All glass 
L517 34.5 22.5 $3.0 1025 thr. Small amount carnegieite in 
glass MA59 
1030) 3hr. All glass 
1.518 38.3 18.8 412.9 930) 2hr. Rare carnegieite in glass MA39 
935 2hr. All glass 
1.516 31.0 26.1 22.9 1210 Ihr. Rare carnegieite in glass MA21 
1215 All glass 
1.517 37.5 19.9 12.6 945 2hr. Small amount carnegieite in 
glass MA32 
950 2hr. All glass 
1.517 36.0 21.7 23 1020) 3hr. Rare carnegieite in glass MAI7 
1025 3hr. All glass 
1.517 39.2 18.6 42.2 925 2hr. Small amount carnegieite in 
glass MA40 
2hr. All glass 
1.516 28.3 29.7 12.0 1400) Lhr. Rare carnegieite in glass MAI19 
1405 Lhr. All glass 
1.517 37.8 0.4 41.8 965 = 2hr. Small amount carnegieite in 
glass MA41 
2hr. All glass 
1.517 33.1 25.3 41.6 1150 thr. Rare carnegieite in glass MA42 
11550 2hr. All glass 
1.518 39.5 19.0 $1.5 O45 1 hr. Small amount carnegieite in 
glass MA12 
Qo0 l hr. All glass 
1.516 25.4 33.3 1.3 1515 Lhe. Rare carnegieite in glass MA22 
1520 lL hr. All glass 
1.517 38.0 0.9 41.1 LOO 2 hr. Very rare carnegieite in 
glass MA34 
1005s 2hr. All glass 
1.517 30.3 28.8 10.9 1350 2hr. Rare carnegieite in glass MA20 
l 455 2 hr. All glass 
1.518 21.1 38.0 10.9 1520 hr. Rare carnegieite in glass Dial 38 
1525 l hr. All glass 
1.518 36.6 2.6 0.8 1055 2hr. Rare carnegieite in glass MA16 
1060) 2hr. All glass 


<< 
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TABLE 2 (Continued) 
Refrac- 
tive 
index of Prepar- 


glass ation 
0.003 Na.O ALO SiO, Phases No. 


Composition (wt, %) 


22.4 36.9 10.7 54: 2 Carnegieite in glass CM10 
All glass 


10.6 5 , Rare carnegieite in glass MA43 
All glass 


10.4 : : Rare carnegieite in glass MA35 
All glass 


410.3 2 J Rare carnegieite in glass MA33 
All glass 


10.0 ys 3 Rare carnegieite in glass MA36 
All glass 


39.9 . Rare carnegieite in glass MA48 
1560 3 All glass 


39.8 970 , Small amount carnegieite i 
glass M19 


975 All glass 


1345 ; Rare carnegieite in glass MA37 
1350 3 All glass 


1485 : Small amount carnegieite in 
glass Dial 40 
1490 : All glass 
1480 : Moderate amount carnegieite 
in glass 
1470 Corundum and carnegieite 
with a little glass 


955 . Very rare carnegieite in glass Y35 
960 2hr. All glass 


1060 a Rare carnegieite in glass MA45 
1065 All glass 


1045 ; Very rare carnegieite in glass M20 
1050 All glass 


975 : Rare carnegieite in glass 
980 All glass 


1160 : Rare carnegieite in glass MAI5 
1165 


1570 ’ Very rare carnegieite in 


glass CM20 


1500 Small amount carnegieite in 
glass MA50 
1505 > hr. All glass 


1170 Very rare carnegieite 3Na:0° Al.03° 
in glass 3Si0, com- 
1175 " All glass position 
975 , Rare carnegieite in glass Z30 
980 All glass 
970 4 Small amount carnegieite in 
glass 
965 ‘ Moderate amount sodium 
orthosilicate (?) in glass 


153 
230 3783.2 

1.520 39.7 21.8 38.5 

15.5 16.1 38.4 
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TABLE 2 (Continued) 


Refrac- 


tive of 
Composition (wt. 
index of Prepar- 
glass Temp. ation 
0.003 Na.O SIO, (°C.) Time Phases No. 
1.520 39.6 22.0 38.4 70) 2h Rare carnegieite in glass M22 
oD hr. All glass 
518 26.5 35.1 98.4 1595) Mohr. Rare carnegieite in glass MA49 
1600 All glass 
15.2 16.7 38.1 104000 Rare carnegieite in glass 731 
1045) 2hr. All glass 
12.4 19.5 38.1 hr. Rare carnegieite in glass Y40 
1120 2 hr All glass 
1.520 9.1 3.0 37.9 1230 2 ht Rare carnegieite in glass M23 
1235) o2hr. All glass 
15.0 17.2 37.8 Rare carnegieite in glass 732 
1085 All glass 
93.6 38.8 7.6 1605 Lin Rare carnegieite in glass CM30 
1610) Usher. All glass | 
50.6 12.0 37.4 hr Rare carnegieite in glass X24 
hr. All glass 
1005) Sodium orthosilicate (7) in 
glass 
17.7 14.9 7.4 1065 2 hi Rare carnegieite in glass MN24 
2 hi All glass 
1000 th Carnegieite and*rare sodium 
orthosilicate (7) in glass 
995 2h Sodium orthosilicate (7) in 
glass 
1.521 8.6 4.0 1290 > hn Rare carnegieite in glass M214 
1295 2h All glass 
1.520 53.1 7.4 1455 Rare carnegieite in glass MA54 
1460 2h All glass 
1.5% 0.0 7.4 1560 1 hye Rare carnegieite in glass MA53 
1565 Lhe All glass 
1.520 6.3 HA 37.3 1340 Rare carnegieite in glass MA46 
1345 2 hi All glass 
50.6 12.5 6.9 1075 hy Rare carnegieite in glass X25 
2 hr All glass 
17.6 15.5 16.9 Rare carnegieite in glass MN25 
1120 2 hr All glass 
1.521 8.1 25.0 6.9 1361 1 hr Rare carnegieite in glass M25 
1367 1 he All glass 
14.4 18.9 16.7 1210 ht Very rare carnegieite in glass 735 
1215 2 hi All glass 
50.6 13.0 36.4 169 Phr. Rare carnegieite in glass X26 
1650 All glass 
14.0 90.2 35.8 1295 2h Rare carnegieite in glass Z37-1/2 
1300 2 hr All glass 
949 39.7 6.1 1625 Wher. Very rare carnegieite in 
glass CM40 
17.3 16.8 55.9 1220 22hr. Small amount carnegieite in i 
glass MN27 
1225 2hr. All glass 


The System Na,O—AL,O,—SiO, 


TABLE 2 (Continued) 


Refrac- 
tive 


ositi 
omposition (wt. %) 


Prepar- 
Temp. ation 
Na.O SiO. lime Phases No. 


30.6 33.6 35.8 1600 Lhr. Rare carnegieite in glass MASI 


1 hr, All glass 


36.8 39. 5: L hr. Rare carnegieite in glass © M27-1/2 


1 hr. All glass 


34.0 35. 5 Lhr. Rare carnegieite in glass MA47 
3 1 hr. All glass 


1 hr. Rare carnegieite in glass Z40 


1 hr. All glass 


1600 Lhr. Very rare carnegieite in 


glass 42 


335 Lhr. Small amount carnegieite in 
MN30 
1340) Lhr. All glass 
1010 hr. Carnegieite in glass 
1000-16 hr. Carnegieite and sodium 
orthosilicate (7) in glass 
990 thr. Sodium orthosilicate in 


glass 


1 hr. Very rare carnegieite in 


glass CM50 


14 hr. Rare carnegieite in glass M30 
4 hr. All glass 


ly hr. Rare carnegieite in glass MA52 
16504 hr, All glass 


15853 hr. Rare carnegieite in glass Al1344 
1590) Mehr. All glass 
1415 Lhr. Rare carnegieite in glass MN32 
1420s All glass 
1010s Ohr. Carnegieite in glass 
1000s hr. Carnegieite and sodium 
orthosilicate (?) in glass 
990 Sodium orthosilicate in 
glass 
14 hr. Rare carnegieite in glass ZA5 
14 hr. All glass 
Vy hr. Very rare carnegieite in 
glass CM60 


Rare carnegieite in glass A11345 
All glass 
Rare carnegieite in glass MN35 
All glass 
Very rare carnegieite in 

glass M35 
Rare carnegieite in glass CM70 
All glass 
Very rare carnegieite in 


glass CM80 


155 
glass 
~ 0.003 
105 
1.522 
1460 
25 3.0 1370 
375 
15230 23.200 4200 
4070 
1.523 35.6 30.0 34.4 1565 
1570 
1.525 22.4 14.0 33.6 
. 16.7 19.9 33.4 
. 42.7 24.2 33.1 
25.3 41.7 33.0 
1.526 22.0 15.0 33.0 1550 Lhr. 
1555s L hr. 
16.2 21.8 32.0 1505 Lhr. 
1510s Lhr. 
33.0 35.0 32.0 1705 
25.9 12.6 31.5 1685 
1690 14 hr. 
26.5 13.6 299 1700 YWhr. 
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TABLE 2 (Continued) 


Refrac- 
tive os 
< ) 
Composition (wt. % Prepar- 
glass Temp. ation 
+ 0.003 Na-O SiO, (°C.) Time Phases No. 
45.6 24.9 295 1600) Lhr. Rare carnegieite in glass MN40 
1605s hr, All glass 
30.5 10.0 29.55 1725 Ighr. Moderate amount carnegieite 
in glass M40 
15.5 26.8 1725 Isher Moderate amount car- 
negieite in glass Al.Os 
SiO, com- 
position 
Points in Sodium Orthosilicate (7) Field 
15.8 15.1 39.1 960 2hr. Rare sodium orthosilicate (7) 
in glass 728 
965 Zhr. All glass 
955 2Qhr. Small amount sodium meta- 
silicate and rare sodium 
orthosilicate (7) in glass 
950 2hr. Lots sodium metasilicate in 
glass 
18.0 13.1 38.9 975) so 2hr. Moderate amount sodium 
orthosilicate (7) in glass 
980 2hr. All glass 
15.6 15.6 38.8 965 2hr. Very rare sodium ortho- 
silicate (7) in glass 729 
3 hr. All glass 
50.6 11.0 38.4 995 Lhr. Very rare sodium ortho- 
silicate (7) in glass X22 
1000s Lhr. All glass 
17.9 13.7 38.4 985 Rare sodium orthosilicate (7?) 
in glass MN22 
990 1 hr. All glass 
50.6 11.5 37.9 1000) 2hr. Rare sodium orthosilicate (7) 
in glass X23 
1005s 2hr. All glass 
ve 14.3 9 990 1 hr. Small amount sodium ortho 
silicate (7) in glass MN23 
995 All glass 
955 = 2hr. Nearly all erystalline—sodium 
metasilicate and carnegieite 
960 QZhr. Sodium orthosilicate (7) and 
very rare sodium meta 
silicate in glass 
Points on or very near Boundary Curves 
1.49] 19.5 5.0 75.5 865 14days Rare quartz and rare tridy- 
mite in glass \1605 
870 14days Very rare tridymite in glass 
1.488 16.0 8.5 75.5 855 Sdays Very rare quartz and very 
rare albite in glass AI808-1/2 
1.496 24.8 1.0 74.2 780 lldays Rare quartz and rare sodium 
disilicate in glass 41201 
785 7 days All glass 


The System Na,O—AI,O,—SiO, 


TABLE 2 (Continued) 


Refrac- 
tive ‘ 

. Compositi it. % 

ie omposition (wt. %) Prepar- 


glass Temp. ation 
+0.003 Na:O  AlLOs; SiO. (°C.) Time Phases No. 


1,494 22.1 4.0 73.9 75 12 days Very rare quartz and very 
rare sodium disilicate in 
glass Al404 

10 days All glass 

14days Lots sodium disilicate, small 
amount quartz and rare 
albite in glass 

14days Nearly all crystalline—only a 
trace of glass 

14 days Small amount albite and very 
rare sodium disilicate in 
glass 

12days All glass 

14days Lots albite and lots sodium 
disilicate and rare quartz 
in glass 

Tdays All ecrystalline—quartz, albite 
and sodium disilicate 


1.500 20.9 A 5 4days Rare albite and rare nephel- 
ine in glass Dij7 
890 10days All glass 
1.515 31.2 4. 1150) 4hr. Rare nepheline and rare car- 
negieite in glass MA30(a) 
1155s 2 hr. All glass 
970 2hr. Rare sodium metasilicate and 
rare sodium orthosilicate (?) 
in glass 
75 lhr. All glass 


Figure 3 shows the ternary compositions studied and the fields of the 
primary phases which appear on the liquidus surface. The compositions 
studied are shown as black dots and most of them lie on joins already de- 
scribed in the section on experimental methods. The compositions studied by 
Tilley (1933) and Greig and Barth (1938) have been included. Figure 4 is 
the equilibrium diagram for the system with isotherms. In figures 3 and 4 
the compositions of the components Na,O, Al,O; and SiO. and of the several 
binary and ternary compounds are shown as double open circles. In these two 
figures the fields of the several crystalline primary phases (labelled Cristoba- 
lite, Tridymite, Albite, etc.) are separated by boundary curves shown as 
heavy curves or heavy dashed curves where experimental data are not 
sufliciently complete to give their location accurately. Arrows on boundary 
curves indicate the direction of falling temperature. They show the positions 
of temperature maxima on these curves at I, O, Q, S, U and E (figs. 3 and 
4). When no arrow is shown on a boundary curve, this curve is also an 
isotherm (AJL and BH of figs. 3 and 4). All tie lines' (straight lines which 


* In figures 1 (p. 194) and 2 (p. 196) of the previous summary paper on NasO—Al,0;— 
SiO. (Schairer and Bowen, 1947a) not all the tie lines were shown, For completeness 
the tie lines (mullite), (sodium 
metasilicate)—NasO° (nepheline, carnegieite), and 
2Na20° Si0.—Na20° AlsOs should have been shown. 
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join the compositions of pairs of solid phases which may coexist at equilibrium 
within the temperature range under investigation) within the ternary system 
are shown as light lines in figures 3 and 4. The tie lines mullite—corundum, 
mullite—silica (cristobalite, tridymite), sodium disilicate—silica (quartz), 
sodium disilicate—sodium metasilicate and sodium metasilicate—sodium or- 
thosilicate lie in the sides Al,O,—SiO, or Na,O—SiO, of the triangle Na,O 

Al.O,—SiO.. The tie lines divide the system Na.O—AI.O,—SiO. into tri- 


angular areas whose significance will be seen later. 


REFRACTIVE INDICES OF THE GLASSES 

Homogeneous glasses were prepared for most of the many ternary com- 
positions studied, and the index of refraction of each glass was measured at 
25°C. with the petrographic microscope by comparison with standardized 
immersion liquids, The measured values for index of refraction of the glasses 
are given in column 1 of table 2. No attempt was made to obtain great ac- 
curacy, the glasses were not annealed after quenching, and the measurements 
were made in white light. The values are accurate to + 0.003. 

: No values for the indices of the glasses in the join between Na.O-Al.O,- 
2Si0. and Na.O-Al.O, are given because of difficulties encountered with loss 
of soda in these compositions. None are given for compositions in the area 
below the join Na,O-SiO,.—AI.O, (not shown in figures 3 and 4) because 


Si0, 
A 
O 
(OK 
/ 2 » ALBITE 
/ JO» JADEITE COMPOSITION 
F Ws NEPHELINE, CARNEGIEITE 
404 
0 
Na,0 
Ow 
60 4 A 
2 Na20 Sid.g 
PO k 
60k 3 
/ 0 
904 
/ 
/ 
Na,O 20 30 40 50 Al203 70 80 90 A 203 


WE/GHT PERCENT 


Fig. 5. Refractive indices of glasses at 25°C. 
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of difficulties with attack of the platinum containers by these melts and loss 
of soda as described later in this paper. 

Figure 5 is a plot of the isofracts from the index-of-refraction measure- 
ments. The values for indices of the Na,O—SiO, glasses are from Morey and 
Merwin (Morey, 1954, table XVI.15, p. 387-390) and those for Al,O,—SiO. 
glasses are from Morey and Merwin (Morey, 1954, table XVI.18, p. 397) 
and several other investigators whose results are compared by Yoder and 
Eugster (1955). 

An examination of figure 5 shows the marked symmetry of the isofracts 
about the line Na.O-Al.O,—SiO, in which lie the compositions of the ternary 
compounds. 


THE STABILITY OF Nao.OQ—AI.O,-——SiO. GLASSES 


Schairer and Bowen (1955) called attention to the hygroscopic nature 
of powdered K.O—SiO, glasses and noted that K,O—AI,0,—SiO, glasses, 
particularly those with a silica content of less than about 75 percent, were 
hygroscopic too. They emphasized the importance of keeping the glasses dry 
and performing the crystallization and quenching experiments as soon as 
possible after the preparation of the glasses. Similarly it is noted here that 
Na,O—SiO, glasses are hygroscopic, particularly those with less than about 
60 percent silica, and that Na,O—AI,0,—SiO, glasses with less than about 40 
percent silica are hygroscopic. In these studies the Na.O—Al,0,;—SiO, glasses 
were crystallized immediately after their preparation and the quenching ex- 
periments were performed as soon as suitably crystallized preparations were 
available. In compositions with less than about 40 percent silica there was 
evidence of a slight volatility of NasO from those preparations with a liquidus 
temperature above approximately 1525° and also at much lower temperatures 
for compositions in the area B’J’K’ of figures 3 and 4. As will be mentioned 
later in the discussion of the quadrilateral B’WK’J’, some melts with sodium 
orthosilicate (?) as the primary phase gave off fumes and attacked the plati- 
num containers, and no reliable data could be obtained on them. 

Kracek (1930b) found that, when the Na.O content exceeds the Na.O: 
SiO, ratio 1:1, preparations in the system Na,O—SiO, tend to retain 
CO. and that the composition 2Na,O-SiO,. was very difficult to prepare be- 
cause of retention of CO, by the melt and a rapidly increasing attack on the 
platinum container as the temperature was raised in an effort to expel CO». 
Preston and Turner (1932) measured an appreciable volatility of NasO from 
Na.O—SiO, glasses at 1400° as a function of the exposed surface, Studies in 
the system Na,Q—AI.O, by previous investigators showed that, although it 
is possible to prepare the compound Na,O-Al,O,; and compositions between it 
and Al.O., attempts to prepare compositions richer in Na,O than Na,O- 
Al.O. result in a loss of the alkali over the Na.O:Al.O, ratio 1:1. 

There is evidence of alkali loss in compositions of low silica content in 
several alkali—silica systems with other oxides. Goldsmith (1949) found a 
loss of Na-O by volatilization from melts in the system NaAlSi0,—Ca0-Al,0,, 
particularly in those melts rich in the latter component, and pointed out the 
increased rate of Na.O loss in thin films of liquid in the edges of the platinum 
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envelope used as a container in the quenching runs. He found that loss of 
Na,O influenced the quantity and even the presence of non-sodic or soda- 
poor phases such as CaQ-2Al.0, and “8—Al,O;.” Madorsky (1931), in study- 
ing the possibility of obtaining potash from leucite-bearing rocks, showed that 
additions of CaCO, to wyomingite with subsequent heating above 1100° in- 
creased the loss of K,O by vaporization. Hignett and Royster (1931), who 
used both CaCO, and CaO in a small blast furnace, reported even larger 
losses of K.O from wyomingite, Schairer, Yoder and Keene (1954), in a 
preliminary report on the system Na.O—MgO—Si0O., indicated that composi- 
tions with 50 percent or more SiO. can be prepared readily by synthesis, but, 
in the low-silica portion of the system, Na.O is volatilized during the prepara- 
tion of homogeneous melts, and a lower soda content (by analysis) than was 
planned resulted. 

The above observations indicate that alkali losses in complex silicate 
systems are not controlled by alkali content alone but that SiO. and Al.O 
tend to stabilize compositions and prevent or minimize alkali losses while CaO 
or MgO tends to increase them. Goldsmith (1949, p. 483-485) has discussed 
the difficulties that are encountered when soda loss during the time interval 


TABLE 3 
Binary Invariant Points within the Ternary System NasO—AI.O,—SiO. 


Letters Temper- 
(Figures ature Solid and Liquid Phases 
3 and 4) 
I 1062 + 3 Albite, tridymite and liquid (NasO 8.1 Al.O3 13.3 SiO. 78.6 
or albite 68.5 silica 31.5) 
J 1470 + 10 lridymite, cristobalite and liquid (NasO 3.7 Al.Os 6.1 SiO 
90.2 or albite 31.5 silica 68.5) 
E 767 + 3 Albite, sodium disilicate and liquid (NazO 25.6 Al,O3 7.4 
SiO. 67.0 or albite 38 sodium disilicate 62) 
oO 1l08 + 3 Albite, corundum and liquid (Na:O 11.6 Al.O; 20.7 SiOz 67.7 
or albite 98.5 corundum 1.5) 
X 1475 + 10 Carnegieite, corundum and liquid (NazO 20.3 Al.Os 40.4 SiO, 
3°.3 or carnegieite 93 corundum 7) 
Q 1068 + 5 Albite, nepheline and liquid (Na,O 14.2 Al,O; 23.4 SiO2 62.4 
or albite 76 nepheline 24) (Greig and Barth, 1938) 
S 1280 Nepheline, carnegieite and liquid (NasO 17.5 AlsOs 28.8 SiO. 
53.7 or albite 43 nepheline 57) (Greig and Barth, 1938) 
U 768 + 5 Nepheline. sodium disilicate and liquid (NazO 30.5 Al,Os 10.4 
SiO. 59.1 or nepheline 29 sedium disilicate 71) (Tilley, 
1933) 
V 1248 + 5 Nepheline, carnegieite and liquid (NazO 25.3 Al.Os 25.6 SiOz 
‘9.1 or nepheline 71.4 sodium disilicate 28.6) (Tilley, 
1973) 
H’ 900 + 2 Nepheline, sodium metasilicate and liquid (NazO 37,2 Al,0s3 


16.9 SiO, 45.9 or nepheline 47.0 sodium metasilicate 
53.0) (Spivak, 1944) 


I’ 11463 + 5 Nepheline, carnegieite and liquid (NasO 30.8 Al.O; 24.8 SiO. 
14.4 or nepheline 69.0 sodium metasilicate 31.0) (Tilley, 
1933) 
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of a quenching run is rather marked. The problem of attaining or even ap- 
proaching equilibrium and maintaining composition is a difficult one when 
volatilization losses become significant. 


BINARY SYSTEMS WITHIN THE TERNARY SYSTEM Na,OQ—AIL,O,—SiO_ 

Fight of the tie lines (figs. 3 and 4) within the ternary system Na,O— 
AILO,——SiO. define binary systems within this ternary system. These systems 
are as follows: (1) NaAISi,O.—SiO.. (2) (3) 
NaAlSi,O.—ALO,.. (4) (5) 
(6) NaAISiO,—ALO.,. (7) NaAISiO,—NaAlO. and (8) Na.SiO,—NaAlSiO,. 
Data for the binary invariant points within the ternary system Na,O—AI.O; 

SiO. are summarized in table 3. 

a preliminary report on the system NaAlSiO,— 
KAISIO,—SiO. Schairer and Bowen (1935) indicated a eutectic relation in 
the system NaAISi,O.—SiO, and gave a preliminary value of 1115° for the 
eutectic temperature, Schairer (1950) gave a revised equilibrium diagram 
for NaAlSiO,—KAISiO,—SiO. and showed the eutectic between albite and 
tridymite at 1062° + 3°. Eleven of the compositions (preparation nos, 155, 
156. P. 162, N\, M, LM. L, K, J and Albite) whose quenching data are given 
in table 2 lie in the binary system NaAlSi,O.—SiO.. These data are presented 
graphically in figure 6, 

All glasses (liquids) in the system albite—silica are extremely viscous 
and periods of many months to a year or more at temperatures about 75° 
below liquidus temperatures were required to obtain any crystallization in 
these dry melts. The experiments which were made on glasses of pure albite 
composition (F of fig. 6, and similarly labelled in figs. 3 and 4) will be 
described later in this paper. A special effort was made to crystallize com- 
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Fig. 6. Equilibrium diagram of the binary system albite—silica. 
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pletely the preparation no. LM (see table 2) which lies in the albite field very 
close to the eutectic composition. When a charge of this composition, which 


had been crystallized completely or nearly so, was held for 42 days at a tem- 
perature 7° below the eutectic temperature only a trace of glass was observed. 
The eutectic temperature at 1062° + 3° was located by the presence of a 
small amount of sharp albite laths in preparation no. M at 1060° after 42 days 
while only cristobalite was present at 1005°, and by the presence in prepara- 
tion no. LM of rare cristobalite crystals along with a small amount of sharp 
albite laths after 42 days at 1060°, while at 1065° only very rare corroded 
remnants of albite crystals and no cristobalite were present. ‘ 

In the binary system albite—silica it was not possible to crystallize 
tridymite in any of the preparations. and cristobalite crystals persisted at tem- 
peratures below 1470° + 10° in the stability range of tridymite. Periods 
of several days or weeks were required in the quenching runs to approach 
the metastable equilibrium between the very small cristobalite crystals and 
liquid. Schairer and Bowen (1955) in their study of the system K,.O—AI.O 

SiO. showed that the metastable liquidus surface of cristobalite lies only 
a very few degrees below that of the stable liquidus surface of tridymite. The 
stable eutectic between albite and tridymite must lie on the albite side but 
very near the metastable eutectic between albite and cristobalite. For this 
reason the stable eutectic between albite and tridymite is shown at I (fig. 6) 
at 1062° + 3° at the composition albite 68.5 silica 31.5 percent and the bi- 
nary invariant point between cristobalite and tridymite is shown at J (fig. 6) 
at 1470° + 10° at the composition albite 31.5 silica 68.5. These two binary 
invariant points are similarly lettered in figures 3 and 4. An examination of 
these figures shows that temperatures along the boundary curve HIM fall in 
both directions from the binary eutectic I in the system albite—silica and 
that I is a temperature maximum on this boundary curve and that the bound- 
ary curve AJL is the isotherm for 1470 

Tuttle and Bowen (1955) have studied the system NaAISi,0,—Si0. 
H.O and their results will be available soon. 
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Equilibrium diagram of the binary system sodium disilicate—albite. 
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Sodium disilicate—albite——Thirteen of the compositions (preparation 
nos. All, Al2, Al3, Al3-1/2, Al4, Alo, AI7, Al8, Al8-1/2, Al9, Al9-1/2 
and Albite) whose quenching data are given in table 2 lie in the binary system 
Na. Si-O;—NaAlSi,Os. These data are presented graphically in figure 7. 

Only those glasses of compositions with 90 percent or more of albite 
were viscous and somewhat difficult to crystallize. Even preparation no. 
\19-1/2 (albite 95 sodium disilicate 5) crystallized small laths of albite in 
a few weeks at 1025°C., while glass of the composition albite was very difl- 
cult to crystallize, as will be described later in this paper. Four of the prepara- 
tions in this binary system were crystallized completely at 740°C. and the 
binary eutectic temperature between albite and sodium disilicate was there- 


70 


fore easy to locate. This eutectic lies at E (fig. 6) at 767° + 3° at the com- 
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Fig. 8. Equilibrium diagram of the binary system albite—corundum. 
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position albite 38 sodium disilicate 62 percent. The points D, E and F of 
figure 6 are similarly lettered in figures 3 and 4. An examination of these 
last figures shows that temperatures along the boundary curve GET fall in 
both directions from the binary eutectic E. in the system sodium disilicate 
albite and that E is a temperature maximum on this boundary curve. 

Albite—corundum.—Ten of the compositions (preparation nos. Albite. 
Al721, Al721-14. Al722, Al728, Al724, Al725, Al727, Al729 and Al731) 
whose quenching data are given in table 2 lie in the binary system NaAlSi,O. 

Al.O,. These data are presented graphically in figure 8. 

All the compositions studied in this binary system were viscous and difli- 
cult to crystallize. Very small crystals of B-AlO, and hair-like mullite needles 
in addition to corundum crystallized from some of the glasses when they were 
held for several days at 75° to 100° below liquidus temperatures. On con- 
tinued crystallization at the same temperatures the mullite needles disappeared. 
In all cases the B-Al.O, crystals became corroded and wormy looking and 
finally disappeared, while corundum crystals grew as the time of the quench- 
ing runs was increased at a given temperature, and corundum was always 
the primary phase on the liquidus surface. In preliminary quenching runs 
on preparation no, Al731 when no corundum crystals were present in the glass 
it was possible to determine the metastable liquidus of B-Al.O at 1607°C. In 
subsequent quenching runs on this preparation after recrystallization of the 
glass to get both 8-Al.O, and corundum crystals the stable corundum liquidus 
at 1O11°C, was determined. 

After many months of crystallization at 1050°C. crystals of albite and 
corundum with some £-Al.O, were obtained in preparations nos. 721 and 
721-1/2. From quenching runs of a month's duration on these preparations 
the binary eutectic between albite and corundum was located at 1108° + 3 
at the composition albite 98.5 corundum 1.5 percent. The composition albite 
is similarly lettered F in figure 6 and in figures 3 and 4. The binary eutectic 
between albite and corundum is lettered O in figures 3 and 4. Because of 
the crowding that would result the binary eutectic was not lettered in figure 
6. An examination of figures 3 and 4 shows that temperatures along the 
boundary curve NOP fall in both directions from the binary eutectic O in 
the system albite—corundum and that O is a temperature maximum on this 
boundary curve. 

VaAlSiO, (carnegieite. nepheline)—NaAlSi,O, (albite).—This system 
was studied by Greig and Barth (1938) and their equilibrium diagram is re- 
produced here as figure 9. The points W. S. Q and F of figure 9 are similarly 
lettered in figures 3 and 4, An examination of figures 3 and 4 shows that 
temperatures along the boundary curves VSR and TQP fall in both directions 
from S and from Q, respectively. and that S and Q are temperature maxima 
on these boundary curves. 

Sodium disilicate—NaAlSiO, (nepheline, carnegieite) —This system was 
studied by Tilley (1933) and his equilibrium diagram is reproduced here as 
figure 10. The points D, Ll, V and W of figure 10 are similarly lettered in 
figures 3 and 4. An examination of figures 3 and 4 shows that temperatures 
along the boundary curve G’UT fall in both directions from the binary eutec- 
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tic Lin the system Na.Si,O;—NaAlSiO, and that U is a temperature maxi- 
mum on this boundary curve, 

Carnegieite—corundum.—Five of the compositions (preparation nos. 
Dial 38, Dial 40, Dial 41, Dial 41-1/2 and Dial 43) whose quenching data 
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Fig. 9. Equilibrium diagram of the binary system NaAISiO, (nepheline, carnegie- 
ite)—NaAlSisO, (albite) after Greig and Barth (1938). 
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Fig. 10. Equilibrium diagram of the binary system NaeSiO; (sodium disilicate)— 
NaAlSiO, (nepheline, carnegieite) after Tilley (1933). 
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are given in table 2 lie in the binary system NaAlSiO,—Al.O,. These data are 
presented graphically in figure 11, 

Owing to the presence of some 8-Al.O, in all the crystallized glasses of 
these compositions it was difficult to locate the temperature of the binary 
eutectic between carnegieite and corundum precisely. From the quenching 
data on preparations nos. Dial 40 and Dial 41 this binary eutectic is placed 
at 1475° + 10° at the composition NaAlSiO, 93 Al.O, 7 percent. The points 
W and X are similarly lettered in figure 11 and in figures 3 and 4, 

Carnegieite—sodium aluminate.—Nine of the compositions (preparation 
nos. CM10, CM20, CM30, CM40, CM50, CM60, CM70, CM80 and Na,O- 
Al.O,°SiO, composition) whose quenching data are given in table 2 lie in 
the binary system NaAlSiO,—Na.0-Al.O,. These data are presented graphi- 
cally in figure 12. W and K’ are similarly lettered in figures 3 and 4. 

These data are suggestive of the probable relations in the system Na.O- 
Al,O,°2Si0.—Na,O-Al.O, but the data are far from satisfactory. Three lines 
of evidence indicate that none of these preparations is precisely on composi- 
tion: (1) the liquidus values do not lie on a smooth curve; (2) it was not 
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Fig. 11. Equilibrium diagram of the binary system carnegieite—corundum. 
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possible to prepare perfectly homogeneous glasses of uniform index of refrac- 
tion (for this reason no values for the indices of these glasses are given in 
table 2); (3) when the glasses were crystallized at about 1450°C. the product 
was largely a twinned carnegieite solid solution but with small amounts of 
either B-Al.O, or corundum or both present, There must have been, therefore, 
a small loss of soda by volatilization during the preparation of these composi- 
tions. The material is quite unsuitable for a determination of the solidus curve 
in the binary system, With some difficulty a preparation was made from ap- 
propriate amounts of Na.SiO, and Al-O, to yield the composition Na.O- 
Al.O, SiO. Its temperature of preparation was close to the upper temperature 
limit of a furnace wound with wire of platinum 90 rhodium 10. During the 
quenching runs the furnace burned out after a short run at 1725°C. where 
a small + is placed in figure 12. Microscopic examination of the quenched 
product showed a moderate to small amount of twinned carnegieite solid 
solution crystals in glass, The composition Na,O-Al,O,-SiO, does not behave 
as a compound but is only an incidental composition in the system NaAlSiO, 
NaAlO.. 

The maximum index of refraction of the crystals in the nearly completely 
crystallized product was approximately 1.537. The maximum index of refrac- 
tion of pure carnegieite (NaAISiO,) was y = 1.514. There was a linear in- 
crease in this maximum index of refraction of the crystals present in the 
nearly completely crystallized preparations from 1.514 in pure carnegieite to 
approximately 1.537 in the composition Na,O-Al,O;-SiO, (NaAlSiO, 63.4 


Na.O-Al.O, 36.6 percent) beyond which no data were obtained. Brownmiller 


and Bogue (1932) found a maximum index of refraction y = 1.580 for 
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Fig. 12. Probable relations in the binary system NaAlSiO, (carnegieite)—NaAlO: 
{sodium aluminate). 
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twinned crystals of pure Na.O-Al.O,. Bowen and Greig (1925) showed that 
carnegieite is isometric at high temperatures and inverts on cooling at 687 
to a low-temperature twinned form. Similar relations might be expected in 
the solid solution between carnegieite and sodium aluminate and the Na.O- 
Al.O, crystals. 

The meager data just presented suggest a complete series of solid solu- 
tions between pure carnegieite (Na,O- Al.O,-2SiO.) and Na.O- Al.O, crystals, 
with the probability of a continuous rise in the liquidus curve from 1526 
at pure carnegieite to an estimated temperature of 1850° + 30° at Na.O- 
AlLO,. One observation by Matignon (1923) is not in accord with this. He 
prepared Na.O-Al.O, and measured its melting point at 1650°, This was not 
confirmed by Brownmiller and Bogue (1932), who prepared a homogeneous 
solid phase of the composition Na.O-Al.O,, heated it to 1650° (the upper 
limit of the furnaces available to them) and found no melting or dissociation 
at that temperature. The possibility that there may be a continuous series of 
solid solutions with a maximum on the melting and freezing curves is not 
precluded. 


Sodium metasilicate—NaAlSiO, (nepheline, carnegieite).—This system 


was studied by Tilley (1933), who found that carnegieite takes up to 24 per- 
cent of sodium metasilicate in solid solution, while there is little or no solid 
solution of sodium metasilicate in nepheline, and, as a consequence, the in- 
version temperature is lowered from about 1248° in pure NaAlSiO, to 1163 

From the intersection of the liquidus curves he placed the eutectic between 
sodium metasilicate and nepheline at 46.75 percent NaAISiO, and 53.25 per- 


cent Na.SiO, at the temperature 906°. In a study of the system NaAISiO, 

CaSiO,—Na.SiO,, Spivak (1944) prepared a mixture having the composition 
of Tilley’s eutectic and determined the liquidus temperature of this composi- 
tion at 907° + 2°, in close agreement with Tilley’s result. However, the pri- 
mary phase of this mixture according to Spivak was sodium metasilicate and 
the highest temperature at which both nepheline and sodium metasilicate co- 
existed was at 900° + 2°. The eutectic composition must be about 47.0 per- 
cent NaAlSiO, and 53.0 percent Na.SiO,. Tilley’s diagram for the biriary 
system Na.SiO.—NaAlSiO, with this modification is given here as figure 15. 
The points B’, H’, I’ and W are similarly lettered in figure 13 and in figures 
3 and 4. This binary system illustrates Type VI of transitions of Roozeboom 
(1899) and is similar to figure 20, p. 247. of that author. In the case of the 
system Na.SiO.—NaAlSiO, the amount of solid solution of sodium meta- 
silicate in nepheline and of nepheline in sodium metasilicate is inappreciable 
or zero, The system Na.SiO,—NaAlSiO, shows the interesting phenomenon 
of melting during cooling for compositions with less than 24 percent silica. 


TERNARY SYSTEMS WITHIN THE TERNARY SYSTEM Na.OQ—AI.O.—Si0. 
Eleven tie lines within the ternary system Na,O—AI.O,—SiO, are shown 
in figures 3 and 4. They divide that portion of the ternary system for which 
data are available into nine triangular areas. Eight of the tie lines are binary 
systems within the ternary system, These eight binary tie lines divide the 
ternary system into six smaller ternary systems which are subsystems within 


System Na,O—ALO,—SiO, 


wer 
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Fig. 13. 


Equilibrium diagram of the binary system NasSiOs (sodium metasilicate ) 


NaAlSiO, (nepheline, carnegieite) after Tilley (1933), The value 900° + 2° for the 
eutectic temperature is from Spivak (1944). 
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4 
Ternary Invariant Points in the System Na.O—AI.O,—SiO. 


Solid and Liquid Phases 


Albite, quartz, sodium disilicate and liquid (NasO 21.5 Al:Os 
1.7 SiO. 73.8) 


Quartz, tridymite, albite and liquid (NasO 15 Al:O; 9 SiO: 
76) 


Albite, tridymite, mullite and liquid (Na:O 7.8 ALO; 13.5 
SiO, 78.7) 


lridymite, cristobalite, mullite and liquid (NasO 2 9 
SiO. 89) 


Albite, mullite, corundum and liquid (NasO 11.2 ALO; 20.0 
SiO. 68.8) 


Albite, nepheline, corundum and liquid (NasO 13.8 AlOs 
23.8 SiO» 62.4) 


Nepheline, carnegieite, corundum and liquid (Na:O 17.0 Al:Os 
29.5 SiOz 53.5) 


Albite, nepheline, sodium disilicate and liquid (NaeO 26.0 
12.5 SiO» 61.5) 


Nepheline, sodium disilicate, sodium metasilicate and liquid 
(Na,O 32.0 Al.O; 10.1 57.9) (Tilley, 1933) 

Nepheline, carnegieite, sodium metasilicate and liquid (Na:O 
37.4 Al:Os 18.7 SiO. 43.9) 

Carnegieite, sodium metasilicate, sodium orthosilicate (7?) 
and liquid (NasO 44.0 AlsO; 16.5 SiOs 39.5) 
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the larger ternary system Na,Q—AL,O,—SiO,. Crystallization in these six 
ternary subsystems will be discussed now. In addition there remains a quadri- 
lateral area B’WK’J’ which is divided into two triangular portions by the tie 
line B’K’. This quadrilateral area will be discussed later in this paper. 

The data for the ternary invariant points within the system Na.O 
Al,O,—SiO, are given in table 4. The invariant points are located as to tem- 


perature and composition by the quenching data recorded in table 2. 

The ternary system albite—sodium disilicate—silica—The three binary 
systems albite—silica (fig. 6). sodium disilicate—albite (fig. 7) and sodium 
disilicate—silica (a portion of fig. 1) limit the ternary system NaAlSi,O. 
Na,Si,O;—SiO_. There are two ternary invariant points in this ternary system, 


the ternary inversion point H (figs. 3 and 4) and the ternary eutectic G (figs. 
3 and 4). The boundary curve AJ is the isotherm for 1470° and the boundary 
curve BH the isotherm for 867°, Temperatures fall from the eutectics I, F 
and C (figs. 3 and 4) in the limiting binary systems to the ternary eutectic 
G at 740° + 5°. Since all the solid phases are of fixed composition (very little 
or no solid solution) crystallization is very simple. All compositions in the 
trianele F—-D—SiO, complete their crystallization at the ternary eutectic G 
and consist of crystals of albite. quartz and sodium disilicate. The last liquid 
has the composition G. 

The ternary system NaAlSiO, (nepheline, carnegieite)—albite—sodium 
disilicate—The three binary systems NaAlSiO,—NaAlSi,O, (fig. 9). 
Na.Si.0;—NaAlSiO, (fig. 10) and Na.Si.O;—NaAlSi,O, (fig. 7) limit the 
ternary system NaAlSi0,—NaAlSi,O,—Na.Si.0;. Tilley (1933) has shown 
that there is no solid solution in the binary system Na.Si.O;—NaAlSiO,. The 
inversion temperature nepheline — carnegieite therefore remains at 1248 
5° independent of the total composition. Greig and Barth (1938) have shown 
that in the binary system NaAISiO,—-NaAlSi,Og there is solid solution of 
NaAlSi,O, in both nepheline and carnegieite with more NaAlSi,Og in the 
low-temperature form, nepheline, than in the high-temperature form, car- 
negieite, and that as a consequence the inversion temperature is raised to 
about 1280°. They obtained the value 1254° + 5° for the inversion tempera- 
ture between nepheline and carnegieite in pure NaAlSiO,. In the ternary 
system NaAlSiO,—NaAlSi,O,—Na.Si-O; temperatures along the boundary 
curve SV (figs. 3 and 4) fall from about 1280° at S to about 1248° at V, and 
in the fields of nepheline and carnegieite the crystals are not pure NaAlSiO, 
but limited solid solutions between NaAISiO, and NaAlSi,Ox,. Greig and 
Barth (1938) indicate the possibility of a small amount of solid solution of 
NaAlSiO, in albite, but this is difficult to prove in the viscous binary com- 
positions near the NaAJSi,O, composition and requires further study. There 
is no evidence for solid solution of Na.Si.O; in albite. 

There is only one ternary invariant point in the system NaAlSiO, 
NaAlSi,0,—Na.Si.0;, the ternary eutectic T (figs. 3 and 4) at 732° + 5 
between nepheline, albite and sodium disilicate. Temperatures fall from the 
eutectics Q, U and E in the limiting binary systems to the ternary eutectic T. 
For all compositions in the triangle WFD (figs. 3 and 4) crystallization is 
reasonably simple. All compositions in this triangle complete their crystalliza- 
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tion at the ternary eutectic T and the last liquid has this composition T. As a 
consequence of solid solution, the crystallization paths of those compositions 
which lie in the fields of nepheline or carnegieite are not straight lines but 


have a slight curvature. Crystallization curves in a system with solid solution 
have been discussed previously by Bowen (1915, p. 178-180). 
The ternary system NaAlSiO, (nepheline, carnegieite)—sodium disilicate 
sodium metasilicate—The three binary systems Na.Si.O;—NaAlSiO, (fig. 
10), Na,SiO,—-NaAlSiO, (fig. 13) and Na.SiO,—Na.Si.O; (a portion of 
fig. 1) limit the ternary system NaAISiO,—Na.Si.0;—Na.SiO, which was 
studied by Tilley (1933). He showed that there is no solid solution in the 
binary system Na.Si,O;—! are The inversion temperature nepheline = 
carnegieite remains at 1248° + 5°, independent of the composition. He also 
showed that in the binary system Na.SiO,—NaAlSiO, there is solid solution 
of Na,SiO, in carnegieite, the high-temperature form of NaAlSiO,, and little 
or none in nepheline, the low-temperature form, and that as a consequence 
the inversion temperature is lowered from about 1248° in pure NaAISiO, to 
about 1163° in this binary system. 

In the ternary system NaAlSiO,—Na.Si.O0;—Na.SiO, temperatures along 
the boundary curve VI’ (figs. 3 and 4) fall from 1248° + 5° at V to 1163° 

5° at I’, and in the field of carnegieite the crystals are not pure NaAlSiO, 
but limited solid solutions of Na.SiO, in NaAlSiO,. There is only one ternary 
invariant point in this system, the ternary eutectic G’, Temperatures fall from 
the eutectics A’, U and H’ in the limiting binary systems to the ternary eu- 
tectic G’ at 760° + 5°. For all compositions in the triangle WDB’ (figs. 3 
and 4) crystallization is reasonably simple. All compositions in this triangle 
complete their crystallization at the ternary eutectic G’ and the last liquid 
has this composition G’. As a consequence of solid solution, the crystallization 
paths of those compositions which lie in the field of carnegieite are not straight 
lines but have a slight curvature. Curved crystallization curves in a system 
with solid solution have previously been discussed by Bowen (1915, p. 178- 
180). 

The ternary system corundum—albite—silica.—The three binary systems 
NaAlsSi,0,—ALO, (fig. 8), NaAlSi,O,—SiO, (fig. 6) and Al,O,—SiO, (fig. 
2) limit the ternary system Al,O,—NaAlSi,0,—SiO,. There are two ternary 
invariant points in this ternary system, the reaction point N (figs. 3 and 4) 
and the ternary eutectic M (figs. 3 and 4). The boundary curve JL is the 
isotherm for 1470°. The ternary system is divided into two triangular por- 
tions by the tie line albite—mullite (FZ of figs. 3 and 4). With perfect equilib- 
rium between crystals and liquid all compositions lying in the triangle albite 

corundum—mullite become completely crystalline at 1104° + 3°, the tem- 
perature of the ternary reaction point N, and consist of crystals of albite, 
corundum and mullite, the last liquid having the composition N. With perfect 
equilibrium all compositions lying in the triangle albite—mullite—silica be- 
come competely crystalline only at 1050° + 10°, the temperature of the 
ternary eutectic M, and consist of tridymite (from the viscous dry liquids 
actually cristobalite metastably, which introduces only a small temperature 
error), mullite and albite, the last liquid having the composition M. 


172 J. F. Schairer and N. L. Bowen 


In corundum—albite—silica. only those compositions lying exactly in 
the line albite—mullite should consist of the two solid phases albite and mul- 
lite when completely crystallized from a melt with perfect equilibrum between 
erystals and liquid. An examination of the crystallization paths on cooling of 


compositions lying in the line albite—mullite to see how they crystallize may 


be used to evaluate the chances of attaining perfect equilibrium during crystal- 


lization. Those compositions in the line albite—mullite lying to the right of 
a line that may be drawn between AIO, and N (figs. 3 and 4) first erystal- 
lize corundum and then at appropriate temperatures the crystallization path 
reaches the boundary curve YN. which it follows to N with mullite separating 
and corundum being resorbed in the liquid. The temperature should remain 
constant at 1104° + 3°, the temperature of \. while any remaining corundum 
reacts with liquid to form mullite. albite separates and the liquid is completely 
consumed. The liquid \. which lies very close to the composition albite (F 
of figs. 3 and 4). is extremely viscous, Consequently, the complete resorption 
of all corundum and simultaneous disappearance of the last of the liquid to 
vield a mixture of only albite and mullite demanded by perfect equilibrium 
would be very improbable in practice, and there would be liquid until the 
temperature of M was reached. Those compositions lying in the line albite 
mullite, in that very small part between the point where a line that may be 
drawn between ALO, and N cuts the line albite—mullite and where the 
boundary curve ON cuts the line albite—mullite, first crystallize corundum. 
then at appropriate temperatures the crystallization path reaches some point 
on the boundary curve ON. which it follows to N with both corundum and 
albite separating. The temperature should remain constant at 1104° + 3 
until all the corundum has been resorbed by reaction with the liquid \ and 
converted to mullite. With perfect equilibrium corundum and liquid should 
both disappear completely to yield a mixture of only albite and mullite. With 
the extremely viscous liquid \ it would be very improbable that all corundum 
would be resorbed and all liquid used up quantitatively and simultaneously 
in practice. The rest of the compositions in the line albite—mullite (those in 
that very small part between albite. F of figs. 3 and 4. and the point where 
the boundary curve ON cuts the line albite—mullite) behave very similarly 
to those just discussed. except that albite would appear as the primary phase 
before the crystallization path reached the boundary curve ON. 

If a series of glasses whose compositions lie in the line albite—mullite 
was crystallized at a temperature just below 1104° (such a crystallization dry 
would be very difficult and might take many months or years) and any 
corundum or 8-Al.O, crystallized metastably. it would be almost impossible 
to convert such crystals to mullite by reaction with the viscous glass to obtain 
the product consisting only of albite and mullite required by perfect equilib- 
rium. 

Schairer and Bowen (1955) emphasized the need for caution in eval- 
uating mineral compatibilities from an examination of the products of 
crystallized silicate glasses which are extremely viscous. Although it is possible 
to attain equilibrium in appropriate compositions in corundum—albite 
silica between any of the crystals of corundum, mullite, albite and liquid, 


| 
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this is possible only when these crystals are very small and occur in small 
amounts with a large amount of liquid phase—in other words with small 
crystals at temperatures near liquidus temperatures. In the extremely viscous 
compositions near the ternary eutectic M (figs. 3 and 4) cristobalite once 
formed persisted many months or years metastably in the temperature stability 
range of tridymite. 

The ternary system corundum—albite—NaAlSiO, (nepheline, carneg- 
ieite).—The three binary systems NaAlSi,O,—AILO, (fig. 8), NaAlSiO,— 
NaAlSi,O, (fig. 9) and NaAISiO,—AI.O, (fig. 11) limit the ternary system 

There are two ternary invariant points in this ternary system, the inver- 
sion point R (figs. 3 and 4) and the ternary eutectic P. Temperatures fall 
along SR from about 1280° at S to about 1270° at R and in the fields of 
nepheline and carnegieite the crystals are not pure NaAlSiO, but limited solid 
solutions between NaAlSiO, and NaAlSi,Ox. For all compositions in the tri- 
angle Al.O, FW crystallization is reasonably simple. All compositions in this 
triangle complete their crystallization at the ternary eutectic P and the last 
liquid has this composition P. As a consequence of solid solution, the crystal- 
lization paths of those compositions which lie in the fields of nepheline or 
carnegieite are not straight lines but have a slight curvature (for a discussion 
of curved crystallization curves in a system with solid solution see Bowen, 
1915. p. 178-180). 

The ternary system Al,O,—Na,O: Al,O,—Na,0- Al,O,:2SiO,.— Only five 
compositions (Al1342, All344, Al1345, Al1346 and Al1347) within this ter- 
nary system were studied in this investigation. Their positions may be seen 
in figure 3. The quenching data in table 1 indicate that the temperature along 
the boundary curve carnegieite—corundum is falling towards X (figs. 3 and 
4). The three binary systems NaAlSiO,—AILO, (fig. 11), NaAISiO,—Na.O- 
Al.O, (fig. 12) and the portion Na-O-Al,O,—AI.O, of the binary system 
Na-O—AI.O, limit this ternary system. Crystallization relations in a similar 
system of this type. albite—anorthite—diopside, have previously been dis- 
cussed by Bowen (1915). 


THE QUADRILATERAL 

In order to explore that portion of the ternary system Na,Q—AI,0,— 
SiO. with less siliceous compositions than those studied by Tilley (1933) in 
the ternary system NaAlSiO,—Na.Si.0;—Na.SiO,, a series of compositions 
was prepared in the join Na,SiO,—Al.O, (M5, M10, M15, ete., of table 2). 
This join was selected for study in order to ascertain whether there might 
be a compound Na.O-Al.O,°SiO. analogous to the compound K,O-Al,O,- 
SiO, first prepared by Weyberg (1908) and later by Bowen (1917, p. 118). 
and because the composition 3Na.0- Al.O,-3Si0. (soda-sarcolite or lagorio- 
lite, which has been postulated as a constituent of solid solutions in melilites 
and garnets; see Schaller, 1916; Buddington, 1922; Dana, 1899, p. 28) lies 
in this join. Only the fields of sodium metasilicate and carnegieite were crossed 
by this join and the maximum index of refraction of the carnegieite crystals 
indicated that they were not pure NaAlSiO, but solid solutions. When 30 
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percent or more of Al,O, was present in the composition in this series of 
preparations, the melts were difficult to quench to a glass and the temperatures 


of complete melting were near and above the upper practical temperature 
limit of platinum-wound furnaces. At these high temperatures there was a 
slight but appreciable volatility of Na.O. 

Next a series of melts was prepared at 10 percent composition intervals 
between Na,O-ALO,-2SiO. and Na.O-Al.O,-SiO.. As already described for 
the binary system Na,O-Al,O,-2Si0.—-Na.O0-Al.O,, the composition Na.Q: 
Al,O,°SiO, is not a compound but only an incidental composition in the solid 
solution series between NaAlSiO, and NaAlO.. A preparation of this composi- 
tion has a large melting interval. In order to follow the boundary curve be- 
tween the fields of nepheline and carnegieite and locate the ternary inversion 
point F’ ( figs. 3 and 4) an extensive series of melts (MAL2, etc.. of table 2) 
was prepared in the triangle Na.SiO,—NaAlSiO,—Na.O- Al.O,:SiO.. 

Next, a series of compositions was prepared in the join Na.SiO0,—Na.O- 
A100, (MN10, MN20, etc., of table 2). This join crossed three fields—sodium 
metasilicate, an “unknown material” and carnegieite. Series of melts were 
prepared on two additional joins (Y34, Y35, ete., and Z10, Z20, etc., of 
table 2) to locate the ternary invariant point E’ (figs. 3 and 4) and three 
additional joins were studied in an attempt to follow the field of the unknown 
material towards the Na,O—SiO, side line. Data on only one of these three 
joins (X19, X20, etc.) are given in table 2. No quenching data are recorded 
for compositions prepared in a join between Na,O-SiO, and Na.O 70 
Al.O, 30 or in a join between Na,SiO, and Na.O 90 ALO, 10, These melts 
were extremely hygroscopic, attacked the platinum crucibles to give deep- 
orange colored melts and “smoked” at their melting temperature. Crystals of 
the same “unknown material” appeared in most of these melts. The experi- 
ments indicated that there are probably continuous curves from D’ to E’ and 
from C’ to E’ (figs. 3 and 4) and that the “unknown material” is probably a 
solid solution between sodium orthosilicate (2Na.O-SiO.) and Na.O-Al.O, 
with higher indices of refraction than pure 2Na.O-SiO, crystals. Accordingly 
the tie line 2Na.O-SiO,.—Na.O- Al.O, (J’K’) has been placed in figures 3 and 
1, and the tie line Na.O-SiO,—Na,O- Al.O, divides the quadrilateral B’°WK’J’ 
into two triangular areas. 

Tilley (1933) has shown that in the binary system Na,SiO,—NaAlSiO, 
carnegieite takes up 24 percent of Na.SiO, in solid solution, while there is 
little or no solid solution of Na.SiO; in nepheline. As a consequence the in- 
version temperature was lowered from 1248° + 5° in pure NaAlSiO, to 
1163° + 5° at the point I’ (figs. 3 and 4). In the quadrilateral B’WK’J’ 
there is a further drastic lowering of the inversion temperature as a conse- 
quence of the complete solid solution of Na,O-Al,O, and carnegieite, as well 
as limited solid solution with Na.SiO,, and temperatures along I’F’ fall 
rapidly from 1163° + 5° at I’ to 915° + 5° at F’. 

Little can be said about crystallization in the quadrilateral B’WK’J’ be- 
cause the compositions of the ternary solid solutions (carnegieites) and the 
compositions of the sodium orthosilicate solid solutions are not known. 
Crystallization curves for compositions which lie in the carnegieite or sodium 
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orthosilicate fields cannot be straight lines but must be slightly curved. In 
general those compositions in the triangle Na.SiO,—NaAlSi0,—NaAlO, 
(B’WK’) when completely crystalline must consist of sodium metasilicate and 
a carnegieite or of sodium metasilicate, a carnegieite and a pure nepheline 
(NaAISiO,); and the temperature of beginning of melting of all these com- 
positions must lie above 900° + 2°, the temperature of H’, and below 995° 
+ 5°, the temperature of E’. In general, those compositions in the triangle 
Na.Si0,—NaAlO.—Na,SiO, (B’K’J’) when completely crystalline must con- 
sist of sodium metasilicate, a sodium orthosilicate (solid solution) and a 
carnegieite (probably at or near NaAlO. in composition). An examination of 
the quenching data in table 2 for MN23 shows that this composition which 
lies in the line Na,SiO,—NaAlO, (B’K’) is completely crystalline at 955°, 
the temperature of E’, and consists of crystals of sodium metasilicate and 
NaAlO,. 

Because of the experimental difficulties the precision of the data in the 


quadrilateral B’WK’J’ is much less than for the rest of the system Na,.O— 
Al.O.—SiO.. 


FIELDS OF THE PRIMARY CRYSTALLINE PHASES 

The fields of the primary crystalline phases which appear on the liquidus 
surface within the ternary system Na,.O—AI,O,—SiO, are shown in figures 
3 and 4. Isotherms within the fields and the boundaries of the several fields 
have been located by the quenching data in table 2. The optical properties 
of most of the crystalline phases have already been recorded in previous 
papers from the Geophysical Laboratory. 

Cristobalite—The field of cristobalite, ASiO.KLJA of figure 4, extends 
from 1470° + 10°, the temperature of the boundary curve and isotherm 
AJL, to the melting point of cristobalite at 1713° + 5° (Greig, 1927, p. 5- 
12). The crystals obtained in our melts were very small octahedra, usually 
much rounded so as to resemble fish eggs, and were easily identified by their 
shape, isotropic or nearly isotropic character and index of refraction. 

Tridymite.—The field of tridymite, BAJLMIHB of figure 4, extends from 
867° + 3°, the temperature of the boundary curve and isotherm BH, to 
1470° + 10°, the temperature of the boundary curve and isotherm AJL. In 
the boundary curve HIM there is a temperature maximum at I at 1062° + 
3°. In the region of this boundary curve particular care was taken to have 
both albite and tridymite (sometimes cristobalite metastably) present in the 
glasses before making the quenching experiments, When no albite crystals 
were present it was possible to follow the metastable extension of the tridymite 
or cristobalite liquidus surfaces beneath the stable albite field. 

In appropriate Na,O—AI,O,—SiO, melts it was possible to obtain tridy- 
mite only with considerable difliculty, while quartz crystallized without par- 
ticular trouble. On the other hand, Schairer and Bowen (1955) showed that 
in the system K,O—AI,0O,—SiO, it was relatively easy to obtain crystals of 
tridymite but very difficult to obtain quartz crystals in melts at appropriate 
temperatures. In the binary system albite—silica it was not possible to crystal- 
lize tridymite in any of the preparations, and in this binary system, in some of 
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the compositions adjacent to it and in some compositions near the boundary 


curve HI (figs. 3 and 4) the metastable cristobalite liquidus was obtained. 
Schairer and Bowen (1955) in their study of the system K.O—AI,O,—SiO, 
showed that the metastable liquidus surface of cristobalite lies only a very 
few degrees below that of the stable liquidus surface of tridymite. 

Tridymite appears as small, very thin plates with a perfect hexagonal 
outline. When viewed on edge they appear as needles, They could be identified 
easily by the shape, mean indices of refraction and optical properties. 

Quartz.—The field of quartz, CBHGC of figures 3 and 4, extends from 
the ternary eutectic G at 740° + 5° to BH, the boundary curve and isotherm 
at 867° + 3°. It was relatively easy to crystallize quartz from appropriate 
compositions. It appeared as sharp bipyramids characteristic of the high-tem- 
perature form of quartz and stood out conspicuously in the glasses because 
of its higher indices of refraction. 

Sodium disilicate—The field A’DCGETUG’A’ of sodium disilicate is 
shown in figures 3 and 4, This compound, whose composition lies at D, has 
a congruent melting point at 874° + 3°. In the boundary curves GET and 
G’UT there are temperature maxima at E and U, respectively. In the region 
of the boundary curve GET particular care was taken to have both albite 
and sodium disilicate crystals present in the glasses before making the quench- 
ing experiments. When no albite crystals were present it was possible to follow 
the metastable extension of the sodium disilicate liquidus surface beneath 
the stable albite field. 

Sodium disilicate has several polymorphic forms. There are probably 
three stable forms in addition to several metastable ones. In a preliminary 
report, Kracek, Morey and England (1953) have described the preparation 
of some of these forms and their probable relations. The high-temperature 
form which was designated Aq melts congruently at 874° + 3°. There is a 
rapid reversible transition Ac == Ag at 707°, and a similar rapid reversible 
transition Ag = B at 678°. Only the high-temperature form was encountered 
in the studies of Na,O—AI,O,—SiO, melts. The three ternary eutectics with 
sodium disilicate as one of the solid phases are G, T and G’ (fig. 4) at 740° 
+ 5°, 732° + 5° and 760° + 5°. respectively, all in the stability region of 
of the high-temperature form. In the Na.O—AI.O,—SiO, melts sodium di- 
silicate crystallized readily in a few hours, and in the quenching runs it was 
present in the glasses as orthorhombic plates or needles with pinacoidal 
cleavages | yf and ya, optically negative with 2V about 55° or a little higher 
and with positive elongation. The indices of refraction + 0.003 were « 
1.495, B 1.503, y 1.506, It was readily distinguished from sodium 
metasilicate by the indices. 

Sodium metasilicate-—The field C’B’A’G’H’F’E’C’ of sodium metasilicate 
is shown in figures 3 and 4. This compound, whose composition lies at B’, 
has a congruent melting point at 1089° + 1°. It crystallized readily in Na.O 

Al,.O,—SiO. melts in a few hours and in the quenching runs it was present 
in the glasses as acicular orthorhombic crystals, the larger crystals showing 
prismatic cleavage in the zone of y. The optic sign is negative; 2V is large, 


about 80°; elongation is positive. The indices of refraction + 0.003 were 
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a 1.513, B 1.520, y 1.528. It was readily distinguished from sodium 
disilicate by the indices. 

Vullite.—The field of mullite is shown in figures 3 and 4 as KLMNYK. 
This compound has an incongruent melting point at 1810° + 10° and its 
composition lies at Z outside the field of mullite. For compositions in the field 
of mullite with liquidus temperatures below about 1400°, considerable diffi- 
culty in crystallization was encountered, and for those with liquidus tempera- 
tures around 1200° or below many months were required at temperatures 
about 75° below estimated liquidus temperatures in order to obtain very 
small, sharp mullite needles in the glasses before proceeding with the quench- 
ing experiments. M and N and the boundary curve MN were accurately 
located by the steep liquidus surface of mullite at temperatures below 1400°. 

Mullite grew in the melts as very small needles or rods easily distin- 
guished by their shape from corundum and by their shape and much higher 
indices of refraction from albite. 

Corundum.—A large field of corundum lies between the boundary curves 
NY. NOP. PR, RX (extended) and the Al.O, apex of the triangle (figures 
4 and 4). It extends from N at 1104° + 3° to the melting point of corundum 
(e-Al,O,). There is a temperature maximum in the boundary curve NOP 
at O. From most of the compositions in the field of corundum both corundum 
and the so-called “B-ALO,” crystallized from the glasses when they were 
held about 100° below liquidus temperatures. Crystallization was difficult and 
many months were required to grow small crystals of corundum and “8 
ALLO.” when the liquidus temperatures were below about 1400°, There has 
heen considerable discussion in the literature concerning the composition of 
“B-ALO..” with evidence that it is not a polymorph of Al.O, but a compound 
of Al.O, with an alkali or an alkaline earth oxide. This discussion and evi- 
dence were given in detail by Schairer and Bowen (1955). 

Just as in the system K,O—AI.O.,—SiO, (Schairer and Bowen, 1955), 
in the quenching experiments on Na,Q—AlI.O,—SiO, melts it was found that, 
when both corundum and “8-Al.O,” crystals were present in any of the 
lasses. corundum crystals grew and “8—Al.O,” crystals became corroded and 
dissolved when the length of time of the quenching runs was increased. Only 
corundum was present at the liquidus. The phase “8—Al.O,,” whatever may 
he its composition, was metastable with respect to corundum at and near 
liquidus temperatures. In the melts corundum grew as equant, faceted hex- 
agonal crystals easily distinguished from “B—Al.O,” by the habit and low 
birefringence of corundum, “B—Al.O.” appeared as very thin plates with a 
hexagonal outline and a much higher birefringence than that of corundum. 

Albite.—The field of albite is the area TEGHIMNOPOT of figures 3 and 
1. In the boundary curves HIM, NOP, PQT and TEG there are temperature 
maxima at I, O, Q and E, respectively. The compound NaAISi,Os or Na,O- 
Al.O,-OSiO. lies at F in the field of albite. This compound melts congruently 
at 1118° + 3°. Difficulties encountered in the preparation and crystalliza- 
tion of pure albite composition will be discussed later in this paper. For those 
compositions in the albite field with a liquidus of about 1040° or less albite 
crystallized in a few days or weeks at a temperature 50° to 75° below liquidus 
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temperatures. It was possible to follow the liquidus surface of albite down 
to the binary eutectic E and the ternary eutectics G and T. There was a rapid 
decrease in viscosity of melts in the albite field to the left of the line carneg- 
ieite—silica (WSiO.) of figures 3 and 4. As a result, even though liquidus 
temperatures were lower, albite crystallized more easily than at higher tem- 
peratures in compositions in the line carnegieite—silica. 

Albite was easy to identify in the melts from its shape and mean indices 
of refraction as compared to the glass or other crystals. It always crystallized 
as very small rectangular laths with low birefringence and inclined extinction. 
easily distinguished from sodium disilicate. quartz, tridymite and mullite. It 
was readily distinguished from nepheline by the habit of the crystals. The 
very small crystals, presumably high-temperature albite, were ideal for 
quenching runs to determine liquidus temperatures but too small for exact 
optical determinations. 

Vepheline.—The field of nepheline is the area F’H’G’UTQPRSVI'F’ of 
figures 3 and 4. In the boundary curves TQP, RSVI’F’ and G’UT there are 
temperature maxima at Q, S and U, respectively. Pure soda nepheline is the 
stable low-temperature polymorph of NaAlSiO,, whose composition lies at W. 
The compositions of nepheline crystals in various parts of the field of nephe- 
line have already been mentioned in the section on ternary systems within the 
system Na.Q—AIL.O,—SiO. and solid solution in nepheline and carnegieite 
in other systems will be discussed later in this paper. Nepheline appears in 
the glasses as small crystals. They are usually hexagonal prisms tabular on 
the base and have positive elongation. Less commonly the habit is prismatic. 
They are easily distinguished from sodium disilicate and sodium metasilicate 
by their shape and low birefringence: from corundum by their indices of 
refraction; from albite by their habit. low birefringence and mean indices 


of refraction: and from carnegieite by their shape, indices of refraction and 
lack of twinning. 

Carnegieite.—In figures 3 and 4, the field of carnegieite lies below the 
boundary curves D’E’, E’F’, F’I’VSR and to the left of the boundary curve 
RX extended, The composition of pure carnegieite, NaAlSiO, or Na.O-Al.O 
2Si0. lies at W. Pure carnegieite melts congruently at 1526° + 2°. The large 


variations in the composition of carnegieite crystals because of solid solution 
have already been discussed in this paper under the binary systems NaAlSiO, 

NaAlO, and NaAlSiO,—NaAlSi,O, and several of the ternary systems with- 
in the system Na.O—AI.O,—SiO.,. and the quadrilateral B’°WK’J’ and will be 
discussed again later in this paper. 

Bowen and Greig (1925) have shown that carnegieite is isometric at 
high temperatures, but undergoes one or more rapid reversible metastable 
inversions at a lower temperature during the quenching and is observed at 
room temperature in a twinned metastable form. In the melts carnegieite ap- 
pears as octahedra usually very much rounded on the edges so as to resemble 
fish eggs. They are usually twinned because of having gone through metastable 
inversions during the cooling (quenching). In some of the melts in the car- 
negieite field near the ternary invariant point F’ (figs. 3 and 4), when only 
a few small crystals were present the quenching was rapid enough to preserve 
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the carnegieite crystals in the high-temperature (isometric) form and they 
were completely isotropic and not twinned on examination at room tempera- 
ture. Carnegieite crystals showed considerable variation in indices of refrac- 
tion because of solid solution, but were very easy to distinguish from all other 
solid phases with which they were associated by their shape, indices of 
refraction and the usual presence of the intricate twinning so well described 
by Bowen and Greig (1925). 

Sodium orthosilicate (7)—Kracek (1930) first described the melting 
relations of sodium orthosilicate, Na;SiO, or 2Na.O-SiO.. He found its in- 
congruent melting point at 1120° + 5° to a solid (presumably Na.O) and 
a liquid, whose composition is D’ (of fig. 1 and figs. 3 and 4) and a eutectic 
between sodium orthosilicate and sodium metasilicate at about 1022° at the 
composition C’ (of fig. 1 and figs. 3 and 4). H. E. Merwin determined the 
following optical data on Kracek’s pure sodium orthosilicate crystals: “y = 


O37, a 1.524. These are the highest and lowest values of y and @ ob- 
served. Lamellar twinning, making determinations of figure impossible. y is 


oo 


perpendicular to twinning lines. Extinction angle is up to 8° with respect to 
twinning plane.” 
In a previous section of this paper, the quadrilateral Na.SiO,—NaAlSiO, 
NaAlO.Na,SiO, (B’WK’J’ of figures 3 and 4) was discussed and reasons 
were given for the probability that the curves C’E’ and D’E’ of figures 3 and 
1 outline a field of sodium orthosilicate solid solutions with Na.O-Al.O,. 
Optical examination of the crystals present at appropriate temperatures in 
many of the compositions in and near this field showed similar properties 
hut a variation in the maximum and minimum indices of refraction, When 
the preparation MN32 (of table 2) was held for four hours at 980° crystals 
of “sodium orthosilicate solid solution” suitable for optical measurements 
were obtained. They gave the following optical data when measured by N. L. 
Bowen: blades, biaxial positive, 2V about 50°, y = 1.551, a = 1.536; twin- 
ning in some crystals with extinction angles up to 3-1/2° with respect to the 
twinning plane; two cleavages whose zone axis is parallel or nearly parallel 
to y for elongation of blades is y, and @ is always across grains showing 
emergence of acute bisectrix y. On account of this optical similarity with pure 
2NaQ-SiO. crystals and the location of the field C’E’D’ in figures 3 and 4, 
it is reasonable to conclude that this field is that of sodium orthosilicate solid 
solutions and has been so designated. 


THE TERNARY COMPOUNDS 

Na,O- Al,O,;:2SiO, or NaAlSiO,.—The available data on this compound 
may be summarized as follows: 

(1) There are two stable polymorphs, carnegieite and nepheline, with a 
reversible inversion in pure NaAlSiO, at 1248° + 5° (Bowen, 1912). This 
inversion temperature was redetermined later as 1254° + 5° (Greig and 
Barth, 1938). 

(2) Pure carnegieite melts congruently at 1526° + 2° (Bowen, 1912; 
confirmed by Greig and Barth, 1938). 


| 
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(5) Carnegieite is isometric at high temperatures but undergoes a re- 
versible rapid metastable inversion at 687.0° on cooling or 692.1° on heating. 
and one preparation showed another metastable reversible inversion at a still 
lower temperature. 226.5° (Bowen and Greig, 1925). 

(4) Pure carnegieite and its solid solutions have not been found as 
natural minerals. but only in synthetic preparations. Nepheline is found as 
a natural mineral and it is never the pure soda nepheline, NaAlSiO,. because 
of extensive solid solution in nephelines. 

(5) In the system nepheline—anorthite, both nepheline and carnegiecile 
take up limited amounts of anorthite in solid solution, about 35 percent and 
somewhat less than 5 percent. respectively, and as a result the inversion tem- 
perature is raised to 1352° + 5° (Bowen, 1912). 

(6) In the system nepheline—albite (fig. 9) both nepheline and car- 
negieite take up limited amounts of albite in solid solution, about 34 percent 
and about 14.5 percent, respectively. and the inversion temperature is raised 
to about 1280° (Greig and Barth. 1938). 

(7) In the binary system nepheline—sodium disilicate (fig. 10) there 
is no solid solution in either nepheline or carnegieite and the inversion tem- 
perature remains constant (Tilley. 1933). 

(8) In the binary system nepheline—sodium metasilicate (fig. 13) car- 
negieite takes up to 24 percent Na.SiO, in solid solution. while there is no 
appreciable solid solution of Na.SiO, in nepheline and the inversion tempera- 
ture is lowered to 1163 ( Tilley, 1933). 

(9) In the binary system NaAlSiO,—NaAlO, (fig. 12) there is a series 
of solid solutions, probably a complete series, between carnegieite and ‘the 
compound Na.Q-Al.O,. and ternary solid solutions between NaAlSiQ,. 
NaAlO, and Na.SiO, were found in the carnegieite field of the quadrilateral 
B’WK’J’ (figs. 3 and 4). 

(10) As Scheibold (1930) predicted, nepheline has a crystal structure 
based on a generalization of the tridymite structure. Buerger, Klein and 
Donnay (1954) determined the structure of natural nepheline from Monte 
Somma, and showed that there are two different types of alkali sites in the 
lattice and two of the eight alkali atoms are present in larger voids. Since 
potassium is better suited by size to occupy these larger voids, it does so. 
provided that the nepheline crystallizes from an environment capable of 
supplying potassium. For this reason natural nepheline invariably has this 
site substantially filled with potassium instead of sodium. The ideal formula 
for nepheline is K.NagAl.Si,O,,. Only when no potash is present are the large 
voids filled with soda to give the formula NaAlSiO,. Since calcium is about 
the right size to proxy for potassium. it may be found in the two large voids 
usually occupied by potassium. The substitution can be effected in two ways. 
either by Ca — 2Na or by CaAl — NaSi. These give the formulae CaNa,Al.- 
SisOxe and CasNagAlyoSigQss. respectively. The former lies in the join nephe- 
line—anorthite and the latter in the join nepheline—CaO- Al.O,,. 

(11) In the binary system NaAlSiO,—KAISiO,, Bowen (1917) found 
a complete series of solid solutions between hexagonal crystals of NaAlSiO, 
and KAISiO,. Recently, Tuttle and Smith (1953, p. 53-56) in a preliminary 
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report gave a tentative sketch of the relations in this system, which indicates 
only limited solid solution between kalsilite and what they call “low-nepheline.” 
From high-temperature X-ray studies and differential thermal analysis they 
recognize an inversion between “low-nepheline” and “high-nepheline” in pure 
NaAlSiO, at 850°. No evidence of any break in the nepheline liquidus at this 
temperature or optical evidence of two kinds of nepheline was observed by 
Tilley (1933) in the binary system nepheline—sodium disilicate, and none 
was observed in the studies of NasO—AI.0,—SiO. compositions described in 
the present paper. 

(12) Bowen and Ellestad (1936), from chemical analyses of two nephe- 
line-bearing lavas, one from the Eastern or Great Rift and the other from the 
Western Rift of Africa, and of their nepheline phenocrysts, showed that the 
composition of these phenocrysts was related to the soda and potash content 
of the lavas from which they crystallized. Shand (1939), by the use of a 
staining method on those nepheline phenocrysts of Bowen and Ellestad, on 
other selected nepheline phenocrysts and on a synthetic nepheline (Ne 70 An 
30), showed that of these nephelines only albite-rich nephelines showed zoning 
due to the rhythmic deposition of layers alternately richer and poorer in 
silica. 

(13) In a series of papers from the University of Chicago, presenting 
the results of phase-equilibrium studies on linear and triangular joins in the 
quaternary system Na,O—CaO—AI.O,—SiO., much information on solid 
solution in nepheline and carnegieite was obtained. Foster (1942) in a study 
of NaAlSi,O.—CaSiO,—NaAlSiO, mixtures found optical evidence of solid 
solution of lime in nepheline, perhaps as anorthite, and in the system NaAlSiO, 

CaSiO, the inversion temperature was raised to 1267°. There was little or 
no solid solution in carnegieite. Gummer (1943), in a study of CaSiO,— 
CaAl.Si.O,—NaAlSiO, mixtures, discussed in some detail the compositions 
of nepheline and of carnegieite solid solutions and paths of crystallization. 
Spivak (1944) studied NaAlSiO,—CaSiO,—Na.SiO, mixtures to expand the 
plane of compositions in the quaternary system studied by Gummer and 
showed that the compositions of all phases in the triangular area NaAlSiO, 

CaSiO,—Na.SiO,, including the nepheline and carnegieite solid solutions, 
can be expressed more conveniently in terms of the components, CaAl.Si,0,— 
CaSiO.— NaAlSiO,—Na.SiO,. which are related to each other in the manner 
of reciprocal salt pairs. The nephelines have anorthite only in solid solution, 
while the carnegieites have sodium metasilicate and also a small amount of 
anorthite, so that there is an area of ternary solid solutions, Smalley (1947) 
in a study of NaAlSiO,—Ca,Al.SiO; mixtures observed large variations in 
the indices of refraction of both nepheline and carnegieite, indicating ex- 
tensive solid solution, and suggested that NaO-Al.O, may be in solid solution 
in the carnegieites. Goldsmith (1947), in a study of CaAl,Si,0;—Ca,Al.SiO; 

NaAlSiO,, and of this plane with 10 percent CaSiO,; added, discussed the 
composition of nepheline solid solutions and showed that albite and anorthite 
cannot be the only substances in solid solution in the nephelines of his studies, 
but that at least part of the material entering into solid solution must have a 
composition which lies towards the Al.O, corner of the quaternary system 
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Na,O—CaO—AI.0,—SiO., possibly a sodium or calcium aluminate. He sug- 
gested that CaO-Al.O, might be present in the solid solutions. Winchell 
(1933, p. 297; 1941) had previously suggested that CaO-Al.O, (CaAlAlO,) 
might play a part in solid solution in nepheline. Goldsmith (1949), in a study 
of NaAlSiO,—CaO-Al.O, mixtures, showed that pure soda _nepheline, 
NaAlSiO,, may take up at least 60 percent of CaO-Al,O, in solid solution, 
while carnegieite takes up only about 5 percent. From these data it appears 
that Ca may occupy some of the smaller voids as well as the larger voids in 
the nepheline structure as visualized by Buerger, Klein and Donnay (1954). 
Juan (1950) in a study of CaSiO,—Ca.Al.SiO,—NaAlSiO, mixtures found 
that both the nepheline and carnegieite were not pure NaAISiO, but solid 
solutions with the probability that, in addition to albite and anorthite, a 
calcium aluminate such as CaO- Al.O, may be present in solid solution in both 
the nepheline and carnegieite. Yoder (1952), in a study of the plane CaSiO, 

CaAl,SiO;—NaAlSiO, with 10 percent CaAl,Si,Os, showed from optical 
measurements that the nephelines in these melts were not pure NaAlSiO, but 
solid solutions. 

(14) A preliminary report by Schairer and Thwaite (1952) indicates 
that there is evidence from a study of five triangular joins in the quaternary 
system Na,O—AI,O,—Fe.0,—SiO. that the nepheline and perhaps the car- 
negieite may take up appreciable but limited amounts of FeO, with Fe.O, 
replacing a part of the Al.O, in the solid solutions. 

(15) Bowen (1922) showed the general complex relations in the system 
nepheline—diopside but gave no evidence, except the arbitrarily drawn in- 
version curve at constant temperature, as to whether the nepheline and car- 
negieite crystals were pure NaAlSiQ,. In a preliminary report on unpublished 
data Schairer and Yagi (1951) indicate that in nepheline—diopside mixtures 
the nepheline and carnegieite in equilibrium with liquids are not pure 
NaAlSiO, but solid solutions of unknown composition. 

From the above summary the complex nature of possible carnegieites 
and of natural and synthetic nephelines is readily apparent. 

Na,O- Al,O,-6SiO, or NaAlSi;Os.—This compound is the well-known 
mineral soda feldspar or albite. In studies of the system Na,O—AI],O0,—Si0O,, 
a melt of this composition was prepared by mixing appropriate amounts of 
pure Al.O, with a sodium silicate glass of appropriate composition and heat- 
ing. In order to effect the complete solution of the Al.O, and obtain a homo- 
geneous glass of albite composition it was necessary to heat the melt at 
temperatures between 1500° and 1600°C, for 24-hour periods. Seven or eight 
such heatings, with intermediate cooling and fine crushing, were necessary 
in order to dissolve all the corundum and obtain an optically homogenecus 
product. Samples of this glass when held at a series of temperatures in the 
range of 100° below the melting point of albite failed to crystallize even after 
several years. One preparation was held for five years at 1025°C. This sample 
was cooled, crushed and examined for crystals once a month. No crystals ap- 
peared. However, when albite glass, prepared at high temperatures as de- 
scribed above, was “acclimated” (annealed at successively lower temperatures 
for long periods of time) it developed crystals of albite within a few hours at 
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1050°C, It contained about 1 percent of very small, sharp albite laths, which 
grew in size slowly on continued heating at this temperature. 

The process of “acclimating” the albite glass consisted of holding the 
melt at 1400° for several days with cooling and crushing each day. This 
thermal treatment was continued at 1300° for several days, at 1200° for sev- 
eral weeks, and, finally, at 1150° for a period of several months. During 
this treatment the glass was cooled, crushed and reheated once a day. It is 
believed that during this operation the structure in the liquid albite at high 
temperatures gradually shifted to a low-temperature structure in the liquid at 
1150° and that this structure is more closely related to the structure of crystal- 
line albite. The efficacy of the “acclimating” process indicates that, in addition 
to the heterogeneous equilibrium between albite crystals and liquid at the 
melting point, there may be a homogeneous equilibrium’ involving changes 
in structure or configuration in the liquid phase and that this homogeneous 
equilibrium shifts slowly with temperature in a viscous liquid of albite com- 
position. The structural changes that take place in a glass primarily as func- 
tions of temperature and time have been summarized by Weyl (1951). When 
the viscosity of albite glass is lowered by the presence of a small amount of 
water. the homogeneous equilibrium shifts more promptly, and Greig and 
Barth (1938) were able to grow small crystals of albite in a few days from 
albite glass prepared at a high temperature by heating platinum envelopes 
containing albite glass together with envelopes containing a source of a small 
amount of water (gibbsite or a rhyolite glass) in sealed, evacuated silica 
glass tubes, 

The melting temperature of a crystalline substance which melts con- 
gruently is the temperature at which it can coexist in equilibrium with a 
liquid of the same composition. Above this temperature the equilibrium state 
is one of complete liquidity; below it, of complete crystallinity. With some 
substances these reactions proceed so rapidly that they are not heated signifi- 
cantly above their melting temperatures without melting. In such cases failure 
to melt at a given temperature is sufficient indication that the temperature is 
below the melting temperature, Lithium metasilicate (Kracek, 1930c) is a 
good example of a silicate which melts and freezes very promptly, and, indeed, 
it is difficult to quench liquid of this composition to a glass except by the very 
rapid cooling of a small sample. In great contrast is the behavior of crystalline 
materials like albite which melt to very viscous liquids. Greig and Barth 
(1938) have shown that, although melting at a given temperature demon- 
strates that albite is above its melting point, failure to observe melting may 
merely mean that insufficient time has been allowed for this process. Growth 
of crystals. on the other hand, shows that the temperature at which the growth 
occurs is below the melting temperature. 


The glass of albite composition containing a few percent of very small, 
sharp albite laths grown from the dry melt at 1050° was a suitable material 
for a determination of the melting point of pure albite. Quenching runs of 
two weeks’ duration on small samples of this material (see table 2) showed 


* These observations of Schairer and Bowen were recorded by Schairer (1951, p. 281- 
282). 
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that the crystals were growing at 1115° and dissolving at 1120°. The melt- 
ing point of albite must lie between these two temperatures and is at 1118 
+ 3°, in exact agreement with the value obtained by Greig and Barth (1938). 
Tuttle and Bowen (1950), on the basis of X-ray and optical evidence, 
showed that synthetic albite crystallized hydrothermally in the system albite 
water (Bowen and Tuttle, 1950) was different from natural albite from peg- 
matites and that low-temperature albite from pegmatites such as that from 


Amelia, Virginia, can be changed by long heating at temperatures between 


1050° and 1100° to a modification identical in X-ray and optical properties 
with the synthetic albite. They also found natural high-temperature albite 
(really a soda-rich plagioclase) in rhyolitic rocks. The exact inversion be- 
tween low-albite and high-albite is not known but Tuttle and Bowen (1950) 
believe that it is 700°C. or below. Recent studies by MacKenzie (1952) on 
the basis of X-ray data have shown that there are slight differences between 
synthetic albite samples crystallized at various temperatures. 

Because of complete or partial solid solutions between the feldspars of 
soda, potash and lime, the 100 percent pure soda feldspar albite is never 
found in nature. However, soda-rich feldspars occur very commonly as sodic 
plagioclases or as soda-rich alkali feldspars, which may be either homogeneous 
crystals or a perthitic, microperthitic or cryptoperthitic intergrowth of high- 
soda and high-potash alkali feldspars, depending upon the temperature of 
formation and subsequent thermal history. 

Schairer (unpublished data; preliminary diagram given, with permission, 
by Yoder, 1950, fig. 11, p. 318), during the course of an investigation of the 
system nepheline diopside—silica, made a series of melts in the join albite 
—diopside in 1937. He found that the crystals at the liquidus in albite-rich 
preparations were not pure NaAlISi,O, but soda-rich plagioclases, and that 
the liquidus temperatures first showed a rise from albite and then fell towards 
the boundary surface between plagioclase and a diopside-rich pyroxene. 
Foster (1942) found similar relations with a soda-rich plagioclase in the 
system NaAlISi,O, (albite)—CaSiO, (wollastonite, pseudowollastonite ). Prince 
(1943) found similar relations with a soda-rich plagioclase in the system 
NaAlSi,O, (albite)—CaTiSiO; (sphene). Bowen (1913) found a complete 
series of solid solutions at high temperatures in the system NaAISi,O. (albite ) 

CaAl,Si,O, (anorthite), the plagioclases. Schairer and Bowen (1935) and 
Schairer (1950) found a complete series of solid solutions with a minimum 
on the melting and freezing curves in the alkali-feldspar join NaAISi,Ox 
KAISi,Ox, and the unmixing curves at lower temperatures were determined 
by Bowen and Tuttle (1950) in their study of the system NaAISi,O,— 
KAISi,O,—H.O. All these experiments show that a pure soda feldspar 
(NaAlSi,O,) may be expected only when there is no lime or potash present in 
the environment. 

Na2,O- or NaAlSi,O,.—A few natural pyroxenes consist 
largely of Na.O-Al.O,-45i0, and have been called jadeite. Chemical studies 
of many pyroxenes show the presence of small amounts of jadeite (Na,O- 
along with acmite diopside (CaO-Mg0- 
2Si0.). hedenbergite (CaO-FeO-2SiO.) and other constituents in these com- 
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plex solid solutions. Pure jadeite composition Na,O- Al.O,-4SiO. lies between 
that of pure soda nepheline, and albite, 
6Si0.. The jadeite composition is not shown with double open circles used 
to designate a compound or component in figures 3 and 4, Greig and Barth 

(1938), in their studies of the binary system NaAISiO,—NaAlSi,Ox, showed 
that no phase of the composition jadeite appeared, and that jadeite crystals 
separated from a small amount of admixed albite in a specimen of white 
jadeite from Burma (U.S. National Museum no. 94303) when heated in air 
showed decomposition as low as 800° and after heating at 1015° were en- 
lirely converted to glass and large nepheline crystals. They concluded that 
jadeite was not stable under the conditions represented by their equilibrium 
diagram, reproduced here as figure 9. 

In studies of Na,O—AI.O,—SiO. compositions in the area DFW of 
figures 3 and 4, careful microscopic examination of all the quenching runs 
and crystallized preparations failed to show the presence of the crystalline 
phase jadeite, 

With the aid of our colleague Dr. H. E. Merwin, whose assistance is 
gratefully acknowledged, the decomposition of two natural jadeites from 
Burma (U.S.N.M. no. 94829 and no. 94303) was investigated. Greig and 
Barth (1938) had previously observed decomposition in no. 94303 as low as 
800°. Decomposition was very sluggish at this low temperature. When samples 
of the two jadeites were held for two weeks at 850° they showed nearly com- 
plete decomposition to glass. A few residual cleavage fragments of jadeite 
surrounded and penetrated by glass were present. When the two samples were 
heated for three weeks at 1000° microscopic and X-ray examination showed 
that they consisted entirely of nepheline and albite. The samples, originally 
powdered jadeite. must have melted and then crystallized. The *y had fiiled all 
the interstices of the platinum envelopes containing the samples. New samples 
of the two jadeites were held one hour at 1000°, quenched and examined. 
Both samples consisted of glass with a very small amount of the same residual 
impurities present in the original jadeite. The melting and subsequent crystal- 
lization of the melt was more sluggish at lower temperatures. After one hour 
at 950° the two jadeite samples consisted of glass with about 20 percent of 
residual unmelted jadeite. After four hours at 900° there was only surface 
melting of the jadeite grains, while after four weeks there was nearly complete 
decomposition and partial crystallization of the glass produced in this decom- 
position to a fine-grained, fibrous aggregate of crystals and glass. The liquidus 
temperature of Burma jadeite (U.S.N.M. no. 94829) was “determined to be 
1128°, below which nepheline crystallized first. The nepheline liquidus of 
pure synthetic jadeite glass is 1138°. 

Yoder (1950, 1954) has summarized the data on the composition and 
stability of jadeite. He held synthetic jadeite glass for two months at 100° 
intervals between 500° and 1000°. At 800° and below the glass did not 
crystallize. At 900° and 1000° the glass crystallized to nepheline and albite. 
Natural jadeite (U.S.N.M. no. 94829) held at the same series of temperatures 
for two months was unchanged at 800° and below. At 900° and 1000° it com- 
pletely decomposed into nepheline and albite. He studied the system jadeite 
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—water using synthetic jadeite glass and measured the reaction analcite = 
nepheline + albite vapor up to 585° and 38,000 psi water pressure. No 
jadeite appeared under these conditions. Yoder and Weir (1951) calculated 
the change in free energy with pressure for the reaction nepheline + albite 
= 2 jadeite from measured values of the density and compressibility combined 
with thermal expansion data, They found that pressure greatly favors the 
formation of jadeite from nepheline and albite but at a slowly decreasing 
rate. Adams (1953) calculated the stability pressure at various temperatures 
for the formation of jadeite from nepheline and albite from thermal data 
and concluded that jadeite may be stable at atmospheric pressure. 


Recently, jadeite has been synthesized by several investigators at pres- 


sures very much higher than those used by Yoder in his studies of the system 
jadeite water. The first synthesis was by L. Coes, Norton Company. 
Worcester, Mass. (personal communication to H. S. Yoder, Jr., October 1953), 
and its identity was confirmed by X-ray and optical examination by Yoder. 
The next synthesis was by F. Birch and E. Robertson at Harvard University. 
unpublished data reported in the discussion at the American Geophysical 
Union, Annual Meeting in Washington, D. C., on May 3, 1955. At this same 
meeting Griggs. Kennedy and Fyfe (1955) in a preliminary communication 
reported the synthesis of jadeite from analcite at the Institute of Geophysics, 
University of California, Los Angeles. and showed that jadeite is not stable 
at atmospheric pressure in the presence of water. 

The equilibrium diagram for the system Na.O—AI.O,—SiO, presented 
in this paper in figures 3 and 4 is for a pressure of 1 atmosphere. It is not 
surprising in the light of the information presented above that jadeite does 
not appear as a solid phase in the temperature range of the experiments re- 
ported here. 


THE “ANHYDROUS PARACONITE” COMPOSITION 

The composition of muscovite approximates KAI, (AISi,)O0,.(OH.F) 
(Hendricks and Jefferson, 1939). The ideal formula for a hydroxyl muscovite 
is KAI. (AISi,)O,,.(OH).. or, in terms of oxides, 
Schairer and Bowen (1955) have discussed the crystallization behavior of 
the anhydrous equivalent (K,O-3Al,0,-6Si0.). Schaller and Stevens (1941) 
have shown that the soda mica paragonite NaAl, (AISi;)O,,(OH.F)>» is a valid 
mineral species and noted three definite localities where it occurs. Many new 
localities were listed by Eugster and Yoder (1954b). The ideal formula for 
hydroxyl paragonite is NaAl,(AISi,)O0,,(OH). or, in terms of oxides, Na,O- 
3Al,0,-6Si0.:2H.O. The composition of the anhydrous equivalent (Na.O- 
3Al.0.-6Si0.) lies in the tie line albite—corundum of figures 3 and 4. The 
equilibrium diagram for albite—corundum was given in figure 8. “Anhydrous 
paragonite” lies at the composition albite 72.0 corundum 28.0. An examina- 
tion of this figure shows that this composition has a corundum liquidus about 
1740° and becomes completely crystalline at the temperature of the binary 
eutectic O at 1108° + 3 

Although many petrologists have been interested in the decomposition 
products of the potash mica muscovite on heating, no studies have been made 
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of the thermal decomposition products of the soda mica paragonite. We have 
just seen that, if paragonite were dehydrated completely on heating with no 
change in composition except water loss, it should alter to a mixture of albite 
and corundum, the beginning of melting should occur at 1108°, the first 
liquid would have the eutectic composition and complete solution of corundum 
would occur only at 1740°C. If there was any loss of Na.O during the heat- 
ing of paragonite, the total composition would lie in the triangle albite— 
corundum—mullite, and on dehydration the sample should alter to albite and 
corundum with a little mullite. As we have seen in a previous section of this 
paper, beginning of melting of compositions in this triangle would occur at 
the temperature of the ternary invariant point N (figs. 3 and 4) at 1104° 


Previously in this paper, in a discussion of the crystallization of melts 
studied in the binary system albite—corundum, it was noted that from these 
very viscous melts mullite crystals appeared metastably along with metastable 
*B-Al.O,” and stable corundum, but on further crystallization the tiny hair- 
like mullite needles disappeared. It would not be surprising if during the 
thermal decomposition of paragonite the metastable phases mullite and “8 - 
appeared. 

Eugster and Yoder (1954a, 1954b, 1955) determined the P—T curve for 
the decomposition of paragonite in the system paragonite—water. Above 
this curve high-albite, corundum and vapor were the stable solid phases in 
the hydrous system. 

The high-temperature dehydration products of natrolite, as well as any 
other soda zeolites, can be predicted from the equilibrium diagram for Na,O 


LAGORIOLITE 

Morozewicz (1899, p. 147-155) obtained an artificial compound which 
he called lagoriolite (lagoriolith). The twinned crystals with isometric crystal 
forms had the formula 3(Nae.Ca)O-Al.O,°3SiO. with Nao.:Ca = 3:2. Dana 
(1899, p. 28) notes that these crystals may be related to garnet grossularite 
(3CaO-Al.O,°3Si0.), noselite and haiiynite. These crystals were probably 
complex solid solutions (carnegieites) analogous to those found in the carne- 
cieite field in the quadrilateral B’WK’J’ (fig. 4) in the system Na,O—AI,0,;— 
SiO, but with a lime-bearing constituent also present in the solid solutions. 
Schaller (1916), in a study of the composition of melilite, postulated iso- 
morphous mixtures of several constitutents, including sarcolite (3CaQO-Al,O;° 
3Si0.) and a hypothetical soda-sarcolite Buddington 
(1922) in an experimental study of compositions related to melilites used 
lagoriolite, and sarcolite, 90 10 
(3Na.0-Al.0,°3Si0.), in the preparation of synthetic mixtures. The com- 
position of lagoriolite lies in the quadrilateral B’WK’J’ (fig. 4) and on the 
join Na,O-Si0,.—AlI,O,; (not shown in fig. 4). It lies in the field of carne- 
gieite (ternary solid solutions of NaAlSiO,, NaAlO, and Na.SiO;). The be- 
havior of compositions in this quadrilateral has already been discussed. No 
tetragonal crystals (melilites) were observed in any of our preparations, 
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PETROLOGIC AND TECHNOLOGIC IMPORTANCE 

The data presented by Schairer and Bowen (1955) for the system KO 
Al.O.—SiO. and the data presented here for the system Na.O— Al.O,——SiO, 
have considerable geological interest and should be very useful in many ways 
in the chemical. metallurgical and ceramic industries. One of us (Bowen. 
1943) has already discussed some aspects of their petrologic and technologic 
significance. The data presented here for NasQ—AI.O.,—SiO. are of funda- 
mental importance in depicting the crystallization behavior of the two im- 
portant ternary compounds, the soda feldspar albite and the feldspathoid 
nepheline. with all possible excesses of the component oxides, and in depicting 
the compatibilities, or lack thereof. of the various solid phases at equilibrium 
or non-equilibrium. 

Each completed research on a fundamental system of important rock- 
forming ‘oxides is but a step towards the understanding of the complex crystal- 
lization processes in magmas or the mineral changes during metamorphism. 
Since both soda and potash are present during the late stages of crystallization 
of magmas. studies of the two ternary systems Na.OQ—AI.O,—SiO, and 
K.O ALO SiO. led to a study of the important system NaAlsiO, 
KAISIO,—SiO., which one of us has called petrogeny’s “residua” system 
(Bowen, 1937). This last system, which is a ternary system within the quater- 
nary system Na.O—k.O—AI.O.—-SiO.. was studied concurrently with the 
two ternary systems of alkali aluminosilicates. Preliminary results on 
NaAlSi0,—-KAISiO,—SiO, were reported (Schairer and Bowen, 1935) and 
a more complete diagram, but not the data on which it is based. was given 
by Schairer (1950, fig. 1, p. 514). A manuscript giving these data is now 
in preparation. 

There is evidence that water may be present in significant amounts dur- 
ing the late stages of crystallization of magmas. An understanding of the 
role of water in these stages and during the processes of metamorphism re- 
quires a knowledge of the systems SiO.—-H.O, 
SiO.-H.O and NaAlSiO,—KAISiO,—SiO.—-H.O, Data on the equilibrium 
relations in the three anhydrous systems are prerequisite. Following the 
pioneer studies of Goranson (1931, 1932. 1938) on the solubility of water in 
granites. and the systems albite—water and orthoclase—water. Tuttle (1948, 
p. 652-035) presented data for the two joins potassium tetrasilicate—leucite 
and (K.0-6SiO.)—potash feldspar in the system K.O—AI.O,—SiO.-H.O. 
Bowen and Tuttle (1950) studied the system NaAISi,O.,—KAISi,O,—H.0O, 
and Tuttle and Bowen (1955) studied the system NaAISi,O.—KAISi,0,—SiO 

H.O and the origin of granite in the light of experimental studies on this 
system. Their paper is in press in the memoir series of the Geological Society 
of America and should appear soon. The system NaAlISiO,—NaAlSi,O,—H.O 
is now under study at the Geophysical Laboratory by W. S. MacKenzie. Yoder 
and Eugster (1955) studied a portion of the system K,O—AI.O,—SiO., 
H.O, and the manuscript on synthetic and natural muscovites appeared re- 
cently. Eugster and Yoder (1954a, b; 1955) studied the join albite—corun- 
dum—water in the system Na,Q—AI.O,—SiO.—H.O and a series of 
compositions in the join potash feldspar—albite—corundum—water in the 
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five-component system SiO.—H.O and a manuscript on 
the stability relations of paragonite and of muscovite—paragonite assemblages 
is now in the process of preparation. The progress that has been made towards 
an understanding of the complex processes of nature by a systematic quanti- 
tative experimental approach by a group of investigators working closely 
together is substantial and gratifying. 

Many petrologic aspects of the system Na,O—AI.O,—SiO, have already 
been pointed out by Schairer and Bowen (1955) in their discussion of the 
system K.O-—Al.O,—SiO.. Attention is called to the close proximity in com- 
position and temperature of the ternary eutectic (M of fig. 4) between albite, 
tridymite and mullite and the binary eutectic (1 of figs. 4 and 6) between 
albite and tridymite, From this ternary eutectic, and indeed from all points 
on the mullite—albite boundary curve (MN of fig. 4), the temperature of 
the mullite liquidus surface rises very abruptly. In figure 4 the 1100°, 1200° 
and 1300° isotherms in the mullite field are so close together that it is difficult 
to show them clearly on the scale of this diagram. From these relations and 
quite similar relations in the system K,O—AI.O,—SiO, it is easy to see why 
granitic magmas do not acquire more than an insignificant excess of Al,O; 
over the feldspar ratio even when they have abundant inclusions of argil- 
laceous rocks. Even if heated some 200° to 300° above their fusion tempera- 
tures granitic magmas could dissolve no more than a small amount of alumina, 
and such a degree of superheat is not to be expected in natural magmas, more 
especially in granitic types. 

Similarly the ternary eutectic (P of fig. 4) between albite, nepheline 
and corundum and the binary eutectic (Q of fig. 4) between albite and neph- 
eline are very close in composition and temperature. From this ternary eutec- 
tic, and indeed from all points on the albite—corundum and nepheline— 
corundum boundary curves (OP and PR, respectively, of fig. 4) the corundum 
liquidus surface rises so abruptly that the isotherms for 1100° and 1200° 
cannot be shown on the scale of figure 4. It is difficult to see how an alkaline 
magma of composition near the binary eutectic could dissolve more than a 
slight excess of alumina. Yet corundum-bearing nepheline syenites are quite 
common among the alkaline rocks, but it is possible that the corundum may 
represent reworked inclusions. 

The composition of residual liquids from the fractional crystallization of 
rock magmas is of considerable petrological interest. Bowen (1937) has 
shown that the association of the alkaline lavas of the region of the Great 
Rift Valley in Africa have those chemical characters of residual liquids that 
one is led to expect from experimental studies. From a study of a number of 
relatively simple systems combining one of the early-crystallizing minerals 
in rocks with late-crystallizing alkali aluminosilicates, we may confidently 
reach some general conclusions regarding the crystallization of complex mix- 
tures. Such a series of simple systems has been under study at the Geophysical 
Laboratory for many years. 

The relations of these simple systems to petrogeny’s “residua” system 
are shown in figure 14, Petrographic evidence indicates that olivine is one of 
the earliest minerals to crystallize from rocks. These olivines are solid solutions 
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Forsterite Forsterite 
Diopside Diopside 
Anorthite A 


Anorthite 


Alkali Feldspars \Orthoclase 
Leucite 
NaAlSiOg KAISiOg 
(Nepheline,Cornegieite) (Kalsilite, Kaliophilite) 


Fig. 14. Diagram showing relations of eight simple systems to petrogeny’s “residua” 
system. 


of forsterite (Mg.SiO,) and fayalite (Fe.SiO,). One of the next minerals to 
crystallize is a pyroxene. Diopside (CaMgSi.O,) is a simple pyroxene, One 
of the next minerals to crystallize is a plagioclase rich in anorthite 
(CaAl,Si,0,). By combining the four early-crystallizing minerals forsterite, 
fayalite, diopside and anorthite with potash aluminosilicates and also with 
soda aluminosilicates we get a series of eight simple systems which have been 
investigated. The data for the four systems combining the early-crystallizing 
minerals with potash aluminosilicates have all been published: leucite 
diopside—silica (Schairer and Bowen, 1938b), leucite—anorthite—silica 
(Schairer and Bowen, 1947b), leucite—fayalite—silica, studied by Roedder 
(1951) at the University of Utah, and leucite—forsterite—silica (Schairer, 
1954). The four systems combining these same early-crystallizing minerals 
with soda aluminosilicates have all been studied, but only the results on neph- 
eline—fayalite—silica (Bowen and Schairer, 1938a) have been published. 
A large part of the system nepheline—forsterite—silica has been studied by 
Greig. Schairer studied the system nepheline—diopside—silica. These results 
have not been published, but a preliminary diagram was given, with permis- 
sion, by Yoder (1950, fig. 11, p. 318). The system nepheline—anorthite 
silica has been studied by Schairer, but the data are not yet published. All 
these systems yield residual liquids from fractional crystallization which are 
very rich in alkali aluminosilicates and lead us to the conclusion that residual 
liquids from fractional crystallization in complex systems approach the low- 
temperature trough in petrogeny’s “residua” system. 

Certain observations on alkali—alumina—silica systems indicate the po- 
tentialities of residual liquids in metasomatism. Schairer and Bowen (1955) 
noted that some K,O—AI.0,—SiO, glasses that had taken up moisture showed 
evidence of potash loss and change of composition when such glasses were 
reheated to drive off the water. The quenching charges puffed up owing to 
loss of water, and the quenching data indicated that in addition there is a 
change from the original composition by loss of K.O. In a previous section 
of this paper, in~discussing the stability of Na,O Al.O,—SiO, glasses, at- 
tention was called to soda losses by volatilization from melts in the system 
Na,O—SiO,, the system Na.Q—AI.O,—SiO, and in alkali—silica systems 
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with lime or magnesia, particularly in compositions with a low silica content. 
Bowen (1922), in a study of the alnoitic rocks at Isle Cadieux, Quebec, 
showed that a rock originally composed largely of augite and olivine was 
modified with lowering temperatures by an alkalic liquid (probably their own 
interstitial liquid as it changed in composition) to produce the alnoitic rocks. 
The alkalic liquid was characterized by the presence of considerable soda, 
potash and water and. as modified by the reaction, passed on and possibly 
gave rise to analcite dikes present in the region. Bowen (1945) showed the 
potentialities of fractional crystallization in melts in the quaternary system 
Na,Q—CaO—Al,0,—SiO, to yield residual liquids from which sodium sili- 
cates may crystallize. Gummer and Burr (1946) described nephelinized para- 
gneisses in the Bancroft Area, Ontario, and presented a hypothesis that the 
nepheline rocks are the result of a process of “nephelinization.” Larsen 
(1928), from a study of rocks made up chiefly of sodic plagioclase (albitite) 
and of rocks made up chiefly of soda plagioclase with varying amounts of 
corundum (plumasite), concluded that such rocks are not formed by the 
desilication of granite pegmatites but are formed hydrothermally as high- 
temperature veins and replacements, probably approaching pegmatite or hy- 
drothermal contact-metamorphic deposits in their condition of temperature 
and concentration. The ease of loss of alkalies from alkali aluminosilicate 
liquids. particularly when there is also an appreciable water content, and the 
possibility of an increase in alkali silicate content of residual liquids from frac- 
tional crystallization indicate the potentialities for nephelinization, albitiza- 
tion, analcitization and other extensive country rock alterations by reaction 
with liquids in the late stages of crystallization of magmas. 

The results presented here on the system Na,O—AI,0O,—SiO, should be 
widely useful in technology. The effect of the addition of soda on the re- 
fractoriness of Al,O,——SiO. compositions (mullite, or pure silica refractories 
or some types of firebrick) can be seen from figure 4. Attention is called to 
the incompatibility of the phases mullite and nepheline at equilibrum. In 
the Na.O—AI.0,—-SiO, system there is no high melting compound analogous 
to leucite (K.O-ALO,-4Si0.). An examination of the equilibrium diagram 
for K.O0—-Al.O,—SiO, (Schairer and Bowen, 1955, fig. 4) shows that com- 
positions in the triangle leucite—KAISiO,—AI.O, begin to melt only at 1553° 
+ 5°, the temperature of the ternary eutectic between leucite, orthorhombic 
KAISiO, and corundum. There is no similar area of compositions with a high 
temperature of beginning of melting in the system Na,O—AI,O,—SiO,. All 
compositions in the area nepheline—albite—corundum (WFAI,O, of fig. 4) 
begin to melt at 1063° + 5°, the temperature of the ternary eutectic P (fig. 
4). Addition of soda to pure mullite refractories gives liquid at low tempera- 
tures until the area WAI.O.K’ is reached. The behavior of soda feldspar or 
even sodium silicates when used as glazes is apparent from the diagram. 

In this paper attention has been called to the extreme viscosity of a liquid 
of albite composition and of liquids in the corundum and mullite fields with 
liquidus temperatures below about 1400°. Even when only a few crystals are 
present and these crystals are very small, equilibrium between liquid and 
crystals is slow and is not attained in a few hours, but in a matter of days. 
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With large mullite crystals and smaller amounts of liquid present considerable 
difficulty in attainment of equilibrium must be expected (see Gad and Barrett, 
1949-1950). 

In addition to the applications just noted, the data presented here give 
a wide variety of useful information in connection with the corrosion of 
metallurgical furnace linings or glass-tank linings, the effects of alkali in slags 
or furnace atmospheres on refractories, the manufacture of refractories, special 
porcelains, glass, etc., and their stability or deterioration in service, and on 
the industrial uses of soda feldspar and nepheline. 
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The Comets and Their Origin; by R. A. LytrLeton, P. x, 173; 13 figs.. 
13 pls. Cambridge, 1953 (Cambridge University Press, $5.00).—Judging 
from the title of this book and the author's preface, one would expect a more 
or less detailed account of the more modern theories and hypotheses on the 
origin and formation of comets, No such account is given, however. After a 
couple of well-written chapters on the dynamical and physical properties of 
comets, Lyttleton gives a description only of his own accretion theory. 

The theory runs as follows: In passing tnrough an interstellar dust cloud, 
the gravitational field of the sun will cause particles of the cloud to move in 
hyperbolic orbits that intersect each other on a line originating in the sun 
and in the direction of the relative velox ity. The collision that will take place 
along this so-called accretion axis will cancel the momentum of the dust 
particle at right angles to this axis. The material concentrated in this way 
along the axis and closer to the sun than a certain critical distance will move 
in a steady stream towards the sun. Through gravitational instability this 
steady stream will be broken into groups of particles which will form the 
comets. 

Some severe criticism can be brought against this theory. The amount 
of material collected by the sun is dependent on the relative velocity of the 
sun with respect to the cloud. Using very low velocities, of the order of 
| km/sec, the author can get reasonable values for these quantities. The veloc- 
ity of the sun with respect to the local standard of rest, however, is of the 
order of 10 km/sec. This will put the critical point at the distance of Jupiter 
from the sun and will make the amount of material collected much too small. 
Also it will cause most of the material in the accretion axis to evaporate. At 
this point several other objections could be mentioned, as, for instance. the 
distribution of orbital elements. Another thing that is not investigated by the 
author is the influence of a more or less protective shield around the sun 
formed of particles emitted by the sun. 

The chapter on the function of tails contains some very interesting specu- 
lations, If the particles of which a comet consists are inclined to the orbital 
plane of the center of gravity of the comet, collision will take place in the 
nodes. The nodes will be concentrated towards perihelion, and an increase in 
brightness and an increase of the tail can be expected there. These phenomena. 
however, can also be explained. and sometimes better, on the basis of other 
cometary models. Thus, for instance. secular changes in the mean motions of 
short-period comets can be much better explained with Whipple’s model. 
There is no spectroscopic evidence that comets while close to the sun are 
always in the gaseous state as is necessary with the author’s model. 

No attention at all is paid to Oort’s hypothesis of a cloud of comets sur- 
rounding the sun or to Whipple’s comet model. 

The title of the book should have been “The Accretion Hypothesis of 
Comets and its Consequences.” A, J. J. VAN WOERKOM 
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Relativity jor the Layman; by JaMes A. COLEMAN. P. 131; 24 figs. New 
York, 1954 (William-Frederick Press, $2.75).—This book will prove useful 
for persons without training in physics or mathematics who wish to acquire 
an understanding of relativity. The historical background of Einstein’s theory 
is presented with greater thoroughness than many accounts of similar scope. 
Not all popularizations establish so unmistakably that the theory of relativity 
is a physical theory arising out of experimental observations. The treatment 
of the deductions from the theory is interesting and profitable, and the ex- 
perimental verifications are explained in nontechnical terms. 

There are a few minor points at which, perhaps, the treatment could be 
improved. For instance, the author implies that verification of Sommerfeld’s 
fine-structure theory is equivalent to verification of the change of mass of an 
electron. In the light of recent discoveries (Dirac theory, Lamb-Retherford 
shifts) the situation is no longer quite so simple, and the example is only 
historically interesting. In several instances greater precision might have 
eliminated sources of possible confusion. In these cases, however, matters of 
basic importance for the exposition of the theory are not involved, For ex- 
ample, the discussion of the mass-energy equivalence would be improved by 
qualifying the statement that during an exothermic chemical reaction “no 
conversion of mass to energy takes place” to read “no measurable conversion 
takes place.” An incorrect impression is given in saying merely that Kepler 
“noticed” that the paths of the planets were elliptical. Also it would be more 
correct to say that no watches accurate enough for use in Mersenne’s experi- 
ment were available, rather than to say without qualification that “watches 
were not yet in use” in the 17th Century. 

Despite these minor infelicities, the little book is an excellent contribu- 
tion to the effort which is current today of giving the nonscientist a competent 
appreciation of the meaning of one of the greatest scientific discoveries of 
our day. ADRIAN DOCKEN 
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Applied Geophysics in the Search for Minerals, 4th ed.; by A. S. Eve and 
D. A. Keys. P. x, 382; 160 figs. New York, 1954 (Cambridge University Press, 
$7.50).—This is a new and somewhat revised edition of a book which first 
appeared in 1928 with subsequent editions in 1932 and 1938. It consists of 
nine chapters covering the stock geophysical prospecting methods. The em- 
phasis is definitely more on mining than on petroleum prospecting. Some 
theoretical matters are treated in four short appendices. 

The book has the same easy-to-follow style as the earlier editions and 
remains a very commendable elementary textbook for this subject. Its main 
weakness stems from the manner in which it has been revised. Much of the 
revision is in the form of additions without corresponding deletions. There 
seems to have been a minimum of rewriting. As a result there are too many 
present-tense statements that should be in the past tense or omitted. The same 
is true of some of the equipment illustrations. 

The problem lists at the ends of the chapters are quite worthwhile. 

All in all this is a very satisfactory elementary textbook, particularly 
where a rather complete coverage of both mining and petroleum geophysics 
is desired. JAMES T. WILSON 
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Isotope Geology; by KaLeRVo RaNkaMa. P. xvi, 535; 35 figs., 4 pls. New 
York and London, 1954 (McGraw-Hill Book Company, $12.00) .—In his in- 
troduction, Dr. Rankama defines isotope geology as the investigation of 


geological phenomena by means of stable and unstable isotopes of the ele- 
ments. Perhaps one might add that this field, as far as it is concerned with 
efiects, other than those caused by radioactivity, in the distribution of 
stable isotopes, is one man’s work to a greater degree than any other field of 
science of a similar scope: Harold C. Urey not only laid the theoretical bases 
but he and his students were also practically the only ones who accumulated 
basic experimental facts. Dr. Rankama deserves all the credit for being one 
of the first geologists to recognize fully the importance of this work for 
geological research. His early interest is reflected in the excellent bibliography, 
and although he says that the “one man research team can make no claim 
to a complete coverage of literature,” the literature is covered to such an 
extent that the bibliography even contains references to all the early erroneous 
measurements and to many ideas and suggestions that have since been aban- 
doned. The reviewer believes, however, that the “one man research team” 
does not intend to make any claim to a complete theoretical comprehension 
of the fields of sciences bearing on the subject, such as nuclear theory, sta- 
tistical thermodynamics, or plant physiology. 

It seems regrettable that the author, in attempting in Part I to give an 
account of the physics and chemistry of the nuclides to geological readers, 
did not enlist the aid of a competent nuclear physicist or chemist to a greater 
extent. It would have been easy to correct many erroneous statements and to 
give an account of the subject that was somewhat more rigorous, yet still 
intelligible to the average geologist. Part II, as the author says, deals with 
the natural science of nuclides, that is. their manner of occurrence in nature. 
It represents the first complete compilation ever published in this important 
field, and will no doubt be an invaluable aid for everyone connected with 
this type of research. Unfortunate misprints and inaccurate presentations can 
easily be eliminated in a second edition, which the book can be expected to 
have in the near future. To illustrate the type of corrections needed, three 
sentences may be quoted, chosen arbitrarily from a variety of similar cases: 
On page 88 it is stated that “One curie Rn emits a gamma radiation equiva- 
lent to the radiation from 1 ¢g Ra.” One curie Rn emits the same number of 
alpha particles as 1 g Ra per unit of time. Page 225: “the specific activity of 
C™* during the Pleistocene glacial maximum may have been 5 or 10% as 
high as the present day value.” What is meant here is that it may have been 
5 or 10% different from its present day value. Page 350: “it is not necessary 
to assume a radiogenic origin for all the Xe'**” should be changed to “ 
for any of the X'*°.” 

The very complete collection of data with a review of sometimes con- 
troversial discussions and attempted explanations by various authors qualifies 
Dr. Rankama’s work as an excellent handbook, indispensable for further 
research in the field of isotope geology. 

HANS E. SUESS 
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Geology of the Chicago Region; by J HarLeNn Bretz. Illinois State Geo- 
logical Survey Bull. 65. Urbana, 1939-1955. Pt. 1, General, p. 118, 1939; 
Pt. Il, Pleistocene, p. 132, 1955; Chicago area geologic maps (first issued 
1943). reissued 1955 as Supplement to Bull. 65, Pt. 11.—The recent publica- 
tion of Part II of this work brings to completion a monograph of much value. 


The practical uses of a detailed geologic map and thorough discussion of the 


areal and subsurface geology of a densely populated, growing district are 
many. This bulletin has more uses; it will serve for a long time to come as 
a standard reference work on Chicago geology. 

Professor Bretz has brought to his task some 40 years of active research 
in the district; his mastery of its geology is unchallenged. Although the bed- 
rock is widely concealed beneath Pleistocene sediments, the abundant sub- 
surface data resulting from industrial development have been used to 
reconstruct the stratigraphy and topography of the buried bedrock. 

Part I, published 16 years ago, is written in clear, nontechnical language 
suitable for readers with little knowledge of geology. It deals chiefly with the 
Paleozoic rocks and with geomorphology, giving only a summary of the 
Pleistocene. Part II is specialized to the rich Pleistocene geology of the district, 
including not only complex glacial deposits but the sediments and shorelines 
of the glacial water bodies in the Lake Michigan basin. The treatment is 
wholly up to date and is written for the more specialized reader. 

Geologists. especially those concerned with applied problems in the 
region. will find extremely useful the 24 areal geologic maps, based on 714- 
minute topographic quadrangles, covering the whole Chicago district, and 
issued as a supplement to Part IT. RICHARD FOSTER FLINT 


Geology in Engineering; by JouN R. SCHULTZ and ARTHUR B, CLEAVES. 
P. ix. 592; 206 figs. New York, 1955 (John Wiley and Sons, Inc., $8.75) .— 
Geology in Engineering has been written with a professed intention to fill a 
need of practicing civil engineers for a book that introduces phases of geol- 
ogy most useful in their work. The authors imply that the book also will serve 
as a text in an elementary geology course for civil engineering students. For 
the most part the book appears to be suitable for both purposes, although 
for the student it has drawbacks as well as several marked advantages over 
some well-known texts of physical geology. One might question, for example, 
the advisability of omitting such topics as isostasy and mineral resources, even 
though these subjects do not have a readily apparent application to engineer- 
ing projects. 

The book consists of two main sections. The first, which makes up a little 
more than half the volume, is a discussion of rocks and minerals and of 
various geologic processes from rock weathering to volcanism and earth- 
quakes. In this part of the book the best chapters are those on ground water, 
and stream erosion and deposition; also worthy of note is the inclusion of 
two chapters that deal with topics not found in many elementary texts: frost 
action in soils and aerial photographic interpretation of soils. Essentially the 
shortest chapter in the book is one explaining principles and methods of 
historical geology. In this section the authors advise prospective engineering 
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geologists of the limitation of an average civil engineer’s interest in geology; 

they observe that 

the lengthy elaboration of paleontological and historical data in 
geologic reports intended primarily for civil engineers has perhaps done 
more than anything else to discourage the application of geology to 
civil engineering.” 

An interesting bit of advice offered the civil engineer is to 

. employ a geologist more for the inferences he may be able to make 

than for his factual knowledge.” 

The second part of the book consists of what generally is regarded as 
engineering geology subjects. A chapter on soil mechanics by E. J. Yoder 
is chiefly a description of laboratory methods of determining physical prop- 
erties of earth materials, Another chapter discusses methods of subsurface 
exploration. The last four chapters—dams and reservoirs, tunneling, highways 
and airfields, and concrete aggregates—are perhaps the most interesting to 
a geologist, although the treatment of some subjects probably will seem rather 
elementary to the practicing civil engineer. The inclusion of case histories 
illustrating the effect of geology on engineering would have further increased 
reader interest in these chapters as well as elsewhere in the book, but these 
most likely have been omitted to save space. 

The photographs are not of consistently high quality. About one-fourth 
either are of poor photographic quality or say little or nothing that is not 
better explained in the text. 

The book points out the kind of information that engineers want from 
seologists and presents a good summary of standard tests and terms used by 
civil engineers. Although the authors claim in the preface that no attempt 
is made to give a full treatment of engineering practice for the geologist em- 
ployed in engineering work, the book can be recommended without reserva- 
tion as instructive reading for any geologist. 

D, R. CRANDELL 
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